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I.  INTRODUCTION 


Some  proposed  applications  of  Injection  lasers  require  their  operation  In  a 
nuclear  radiation  environment.  It  Is,  therefore,  necessary  to  know  the  effects 
of  radiation  on  laser  performance.  Radiation  damage  studies  provide  this 
knowledge  and  also  give  some  Insight  into  the  physical  processes  occurring  In 
the  devices. 

Since  the  development  of  the  first  laser  diodes  over  15  years  ago,  many 
advances  have  been  made  toward  understanding  and  optimizing  their  performance. 
The  lasers  developed  have  the  advantage  of  small  size,  and  since  they  convert 
electrical  power  directly  Into  coherent  light,  the  output  can  be  modulated 
simply  by  modulating  the  Input  current  (Ref.  1).  Until  recently,  however,  these 
devices  could  not  be  operated  continuously  at  room  temperature,  making  them 
Impractical  for  many  applications. 

The  development  of  continuous-wave  (CW)  laser  diodes  which  operate  at  room 
temperature  has  resulted  In  Improvement  in  the  efficiency  and  quality  of  the 
devices.  Gallium-arsenide  (GaAs)  and  some  other  three-  to  five-compound  semi¬ 
conductors  are  used  for  the  devices  because  they  have  a  direct  gap  between  the 
conduction  band  and  the  valence  band.  This  means  that  no  momentum  change  Is 
required  in  the  band-to-band  transition,  and  radiative  transitions  may  occur 
with  the  emission  of  only  a  photon.  Consequently,  much  higher  gain  can  be 
achieved  for  the  same  pumping  level  (Ref.  2). 

The  first  laser  diodes  were  made  by  diffusing  an  acceptor  Into  a  heavily 
doped  n-type  substrate, forming  a  p-n  junction.  The  thickness  of  the  recombina¬ 
tion  region  was  kept  to  a  minimum  by  Introducing  a  steep  doping  profile.  An 
even  thinner  active  region  was  made  by  depositing  p-type  material  onto  the 
substrate  with  a  process  called  vapor  phase  epitaxy  and  later  with  liquid  phase 
epitaxy  (LPE).  It  was  then  found  that  aluminum  could  be  substituted  for  gallium 
In  some  of  the  lattice  sites  of  GaAs  to  raise  the  band  gap  and  decrease  the 
Index  of  refraction.  A  layer  of  degenerately  doped  p  aluminum-gallium  (AlGa) 
was  deposited  on  a  thin  p-layer  to  form  a  single  heteroj unction  (SH)  laser. 
Because  of  the  decrease  In  Index  of  refraction  In  the  p+  region,  the  active 
region  was  better  confined  and  there  was  less  optical  loss  outside  the  cavity. 

Later,  double  heterojunctions  were  used  to  confine  the  active  region  even 
further  and  to  give  more  precise  control  of  Its  thickness.  Additionally,  the 


use  of  aluminum-gal  Hum-arsenide  (AlGaAs)  in  the  active  region  allows  the 
wavelength  of  the  emitted  light  to  be  controlled  somewhat  by  varying  the  ratio 
of  aluminum  to  gallium,  thus  varying  the  band-gap  energy. 


Even  with  active  regions  only  a  few  ym  thick,  the  diodes  still  could  not 
dissipate  enough  heat  to  be  operated  continuously  at  room  temperature.  Room 
temperature  operation  was  achieved  by  confining  the  active  region  laterally. 
Instead  of  injecting  carriers  along  the  entire  width  of  the  junction,  the 
injection  current  was  confined  to  the  center  of  the  junction  by  a  narrow  stripe 
contact  on  the  p+  region  as  illustrated  in  Figure  1.  Limiting  the  volume  of 
the  active  region  In  this  way  allowed  the  volume  of  the  crystal  to  accept  the 
heat  generated  in  the  active  region.  The  stripe  geometry  also  reduced  the 
threshold  current  (lth)  for  laser  operation  (Ref.  3). 


Figure  1.  Stripe  geometry  laser  diode. 

Several  studies  have  Investigated  the  effects  of  various  types  of  radiation 
on  GaAs  compounds  and  on  pulsed  GaAs  lasers.  These  studies  examined  the 
optical  properties  and  electrical  behavior  of  a  GaAs  p-n  junction  (Ref.  4)  or 
the  effect  of  Irradiation  on  operation  of  GaAs  lasers  at  or  below  threshold 
(Ref.  5).  Southward,  et  a!  (Ref.  6),  did  extensive  work  on  such  lasers  operat¬ 
ing  above  threshold. 

The  Southward  study  dealt  with  fast  neutron  damage  of  diffused  GaAs 
Injection  lasers.  The  report  discussed  an  Increase  In  threshold  current  with 
Irradiation,  a  reduction  In  power  output  above  Ith,  and  an  Increase  in  the 
delay  associated  with  modulation  of  the  diodes,  as  well  as  the  effects  of 
temperature  variation  on  these  quantities. 
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Saji  and  Inuishi  (Ref.  7),  working  with  pulsed  GaAs  lasers  at  liquid  nitro¬ 
gen  temperature,  noticed  that  after  exposing  the  sample  to  cobalt-60  (Co60), 
efficiency  decreased,  threshold  current  increased,  and  the  emission  peaks 
shifted.  They  postulated  that  the  Increase  in  !th  was  caused  by  indirect 
recombination  centers  associated  with  the  radiation  Induced  defects.  Other 
investigators  attributed  the  Increase  in  !th  to  a  decrease  in  the  electrolumi¬ 
nescent  efficiency  or  to  an  increased  optical  absorption  in  the  active  region 
(Ref.  8).  The  decrease  in  output  and  efficiency  is  attributed  to  the  introduc¬ 
tion  of  nonradiative  recombination  centers  which  compete  with  radiative  centers 
for  the  excess  carriers  injected.  The  effect  of  these  centers  is  to  decrease 
both  the  nonradiative  lifetime  and  the  total  carrier  lifetime  (Ref.  9). 

Reference  10  finds  these  explanations  Insufficient  to  account  for  the 
exponential  decrease  in  efficiency  which  were  observed,  and  introduced  the 
concept  of  the  luminescent  killer  center  to  explain  the  results.  It  was 
suggested  that  defects  were  introduced  that  quenched  the  radiative  recombination 
process  in  a  volume  extending  over  several  radiative  recombination  centers. 

In  this  work,  two  sets  of  AIGaAs  lasers  were  tested.  One  set  was  subjected 
to  neutron  radiation  in  a  nuclear  reactor,  the  other  to  gamma  radiation  from  a 
Co60  source.  Each  set  contained  two  types  of  CW,  room-temperature  laser  diodes: 
C30127,  manufactured  by  RCA,  and  LCW-10  manufactured  by  Laser  Diode  Laboratories, 
Inc. 

This  report  Is  divided  Into  two  main  parts.  The  first  part  discusses  the 
neutron  Irradiation  work  and  comprises  Section  II  through  V.  Section  II 
presents  the  theory  of  laser  diode  operation  and  a  model  for  the  neutron 
degradation  of  the  devices.  Section  III  describes  the  experimental  equipment 
and  procedures, and  the  results  of  the  experiments  are  given  in  Section  IV. 

Section  V  contains  a  discussion  of  the  significance  of  the  results  and  recommen¬ 
dations  for  further  research. 

The  second  part  (Sections  VI  through  X)  concerns  the  gairma  Irradiation 
work.  Specific  gamma-induced  effects  are  discussed  in  Section  VI,  the  individual 
measurements  In  Section  VII,  and  the  experimental  results  In  Section  VIII. 

Section  IX  summarizes  the  findings  of  the  gamma  Irradiation  Investigation  and 
Section  X  presents  suggestions  for  additional  work. 
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II.  THEORY  OF  OPERATION  AND  NEUTRON  DAMAGE  EFFECTS 
OPERATION  OF  INJECTION  LASERS 

There  are  three  requirements  for  the  operation  of  an  Injection  laser.  First, 
a  medium  In  which  stimulated  emission  will  occur  Is  needed  so  that  optical  gain 
can  be  produced.  Next,  there  must  be  a  cavity  with  partially  reflecting  ends 
that  will  cause  the  light  to  pass  through  the  medium  until  sufficient  intensity 
is  achieved.  Finally,  there  must  be  some  method  of  pumping  the  medium  to 
achieve  a  population  inversion. 

In  semiconductor  materials  transitions  such  as  absorption,  spontaneous 
emission,  and  stimulated  emission  occur  between  energy  bands  instead  of  between 
discrete  energy  levels.  The  band  gaps  in  semiconductors  may  be  divided  into 
two  categories,  direct  and  indirect.  Electron  transitions  across  a  direct  band 
gap  do  not  require  a  change  in  momentum;  therefore,  the  transition  may  occur 
with  the  emission  of  only  a  photon.  It  Is  in  direct  band  gap  materials  that 
stimulated  emissions  may  occur  readily  and  lasing  has  been  observed. 

The  application  of  a  forward  bias  to  a  semiconductor  laser  creates  a  narrow 
region  containing  both  holes  and  electrons.  Recombination  occurs  within  this 
region  with  the  emission  of  radiation.  The  condition  for  spontaneous  emission 
has  thus  been  created.  Amplification  occurs  if  radiation  of  energy  near  the 
band  gap  energy  travels  through  the  region  and  stimulates  the  transition  and  if 
the  population  inversion  is  maintained  by  the  injection  of  carriers. 

A  resonant  cavity  for  the  radiation  is  normally  created  by  constructing  the 
injection  laser  in  the  form  of  a  Fabry-Perot  cavity;  i.e.,  with  parallel 
reflecting  surfaces  normal  to  the  active  region.  Low  injection  current  results 
in  spontaneous  emission  and,  as  the  current  is  increased,  a  point  is  reached 
where  gains  exceed  losses  and  lasing  action  begins.  This  is  expressed  by 

g  -  a  +  1/L  in  (l/(R1R2)1/2)  (1) 

where 


g  ■  the  gain  per  unit  length 
a  •  losses  per  unit  length 
L  ■  the  length  of  the  cavity 
Rj  A  R2  *  reflect Ives  of  the  end  surfaces 
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Maximum  gain  occurs  in  the  junction  region  where  the  population  inversion 
exists,  and  radiation  traveling  through  the  device  Is  confined  to  this  region 
by  changes  In  the  dielectric  constant  and,  hence,  in  the  refractive  Index  of 
the  material. 

The  Injection  lasers  used  in  this  Investigation  were  stripe  geometry, 
double-hetero junction  devices,  and  were  packaged  as  shown  in  Figure  2. 


Figure  2.  Cross-section  of  laser  package. 

A  typical  stripe  geometry  AIGaAs  laser  may  be  constructed  as  Illustrated  in 
Figure  3.  The  layers  of  a  specific  laser  may  be  arranged  differently,  possibly 
Including  other  layers  as  buffers  or  to  assist  in  optical  confinement. 


METAL 
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p-Alx6a,_xAs 
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"-* 1  x6a1  -x»* 
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Figure  3.  Front  view  of  typical  stripe  geometry  AIGaAs  Injection  laser. 

The  Injection  current  Is  confined  to  a  narrow  region,  as  Indicated  by  the 
arrows,  emanating  from  the  metallic  stripe  shown  In  Figure  3.  Recombination 
occurs  In  the  narrow  active  region  and  light  Is  emitted  In  a  fan-shaped  beam 
from  one  of  the  polished  end  surfaces. 
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Band-to-band  transitions  occur  when  electrons  In  the  conduction  band  combine 
with  holes  In  the  valence  band  (Figure  4).  This  transition  may  result  In  a 
photon  emission  (radiative  transition)  or  a  phonon  or  free  electron  emission 
(nonradlatlve  transition).  General ly,  laser  diodes  are  doped  with  a  high 
density  of  donors.  The  donor  material  on  the  p-side  causes  a  tall  of  states 
below  the  conduction  band.  Because  the  energy  of  emitted  photons  Is  generally 
less  than  the  band  gap.  It  Is  thought  that  the  lasing  transition  occurs  between 
the  conduction  band  tall  and  the  Impurity  level  just  above  the  valence  band  as 
depicted  in  Figure  5  (Ref.  11). 


n  P 


Figure  4.  Energy  band  diagram  for  a  heavily  doped  p-n  junction. 

The  fact  that  the  emission  peak  of  a  GaAs  laser  shifts  as  the  applied 
voltage  Is  Increased  Implies  that  a  tunneling  mechanism  is  also  Involved  In  the 
lasing  transition.  Photon  assisted  tunneling  may  occur  when  sufficient  forward 
bias  Is  applied  to  the  junction  to  uncross  the  bands.  An  electron  can  tunnel 
through  the  energy  barrier  between  the  conduction  band  of  the  n-materlal  Into 
the  forbidden  region  of  the  p-materlal.  It  then  drops  Into  an  empty  valence 
band  or  Impurity  level  state,  and  a  photon  Is  emitted.  The  energy  of  the 
photon  emitted  by  this  process  Is  a  function  of  the  applied  voltage.  This 
accounts  for  the  observed  shift  In  the  emission  wavelength  with  applied  energy 
as  shown  In  Reference  6. 


10 


AFWL-TR-79-43 


Figure  5.  Density-of-states  for  laser  diode. 

Although  the  band- to- acceptor  and  photon-assisted  tunneling  transitions  are 
not  the  only  possible  radiative  transitions,  they  are  generally  considered  to  be 
the  most  likely  candidates  for  the  majority  of  radiative  processes  in  a  GaAs 
laser  diode.  In  addition  to  radiative  transitions,  there  are  many  nonradlative 
transitions  that  may  occur  In  a  laser  diode.  The  same  transitions  that  result 
in  the  emission  of  a  photon  may  also  occur  with  the  emission  of  other  energy 
conserving  particles,  such  as  phonons  or  free  electrons.  The  most  significant 
nonradlative  recombl nation  processes  are  those  that  Involve  deep  energy  levels. 
Transitions  due  to  tunneling  to  deep  levels  or  between  the  band  and  deep  levels 
are  nonradlative  processes  and  have  been  associated  with  crystal  lattice  dis¬ 
locations  In  GaAs  laser  diodes  (Ref.  12). 

During  laser  operation,  both  radiative  and  nonradlative  transitions  occur. 
The  ratio  of  the  radiative  recombinations  to  the  total  number  of  transitions  1$ 
called  the  internal  quantum  efficiency 

n*  *  No.  of  radiative  recombinations  (photons  emitted)/ 

1  (No.  of  radiative  recombinations  +  No.  of  nonradlative 

recombinations)  (2) 
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This  quantity,  although  difficult  to  measure.  Is  useful  In  describing  the  opera¬ 
tion  of  a  laser,  particularly  In  relating  the  current  density  (J)  to  the  optical 
gain  (g).  Internal  quantum  efficiencies  approaching  100  percent  have  been 
observed  In  GaAs  laser  diodes  at  low  temperatures.  Values  for  room  temperature 
operation  are  about  50  percent  as  shown  In  Reference  11. 

For  a  laser  to  operate,  the  optical  gain  per  unit  length  must  at  least 
equal  the  losses  In  the  cavity.  The  losses  consist  of  absorptions  per  unit 
length  (a)  and  losses  through  the  ends  with  reflectivity  R.  The  decrease  In 
Intensity  (I)  of  light  traveling  through  the  cavity  is  given  by  Reference  13. 

dl  =  -aldx  +  gldx  (3) 

where  g  Is  the  optical  gain  per  unit  length.  A  fraction  of  light  R  will  be  lost 
at  each  end  of  the  cavity. 

Integration  of  net  loss  (or  gain)  over  a  complete  round  trip  through  a 
cavity  with  length  L  gives  the  expression 

I  -  I„  R2  e25L-2aL  (4) 

The  threshold  gain  Is  obtained  by  substituting  the  relationship  I  ®  I0 

and  solving  for  g  to  give  the  relation 

gth  m  «  +  1/L  In  1/R  (5) 

The  relationship  between  gain  and  current  density  is 

g  *  c2  n^  Jb/8  ir  q  n2  v2  Av  d  (6) 


where 

c  -  speed  of  light  In  a  vacuum 
q  *  electronic  charge 
n  *  the  material  Index  of  refraction 
v  ■  the  frequency  of  the  light  emitted 
Av  •  the  recombination  line  width 

The  exponent  b  Is  equal  to  unity  for  a  simple  two-level  system.  In  a  real 
semiconductor,  the  value  of  b  depends  on  the  density  of  states  distribution. 
No  experimental  value  of  b  has  been  found,  so  for  the  purposes  of  this  paper. 
It  will  be  considered  to  be  unity. 
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Equation  6  may  be  rewritten  as 

g  =  e  J  (7) 

where  6  Is  called  the  gain  constant.  This  expression  may  be  substituted  Into 
Equation  5  to  give  the  relationship  for  threshold  current  density. 

Jth  *  1/6  (o  +  1/L  1n  1/R)  (8) 


It  should  be  noted  that  the  term  a  includes  absorption  In  the  regions 
adjoining  the  cavity  as  well  as  those  occurring  In  the  cavity.  Each  region  in 
a  double-heterojunction  laser  diode  has  a  different  absorption  coefficient. 

The  term  a  appearing  In  Equation  8  Incorporates  aj,  a2»  and  a3  for  each  of  the 
three  regions  along  with  functions  determined  by  the  waveguide  geometry. 

As  mentioned  earlier,  the  Internal  quantum  efficiency  of  a  laser  diode  is 
difficult  to  determine.  For  this  reason,  a  quantity  called  external  quantum 
efficiency  has  been  denned*  Just  as  Internal  quantum  efficiency  Is  a 

measure  of  the  percentage  of  radiative  transitions  Inside  the  diode,  the 
external  quantum  efficiency  Is  a  measure  of  the  percentage  of  photons  emitted 
by  a  laser  diode  with  respect  to  the  number  of  electrons  passing  through  It. 


n  *  No.  of  photons  emltted/No.  of  electrons  passing  through  device  (9) 


00) 


where 

P  ■  output  power  of  the  device 
I  *  the  bias  current 
Vj  *  the  junction  voltage 

Below  threshold,  the  emission  from  a  laser  diode  Is  primarily  spontaneous, 
and  next  Is  small.  Above  threshold,  the  stimulated  emissions  quickly  render 
the  spontaneous  emission  Insignificant  and  n0Xt  Ideally  Increases  linearly  with 
Increasing  current.  The  slope  of  the  Increasing  P  versus  I  curve  Is  known  as 
the  differential  quantum  efficiency  (An). 


An  ■  A  P/V1AI  (11) 

If  next  Is  considered  for  only  stimulated  emission,  then 
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An  ■ 


Using  assumptions  stated  before,  one  can  show  that 


1/L  In  1/R 


02) 

03) 


Thus,  the  differential  quantum  efficiency  is  proportional  to  Internal  quantum 
efficiency  and  inversely  proportional  to  the  absorptions  in  the  device. 


CURRENT  FLOW  IN  THE  INJECTION  LASER 


The  total  current  flowing  across  a  p-n  junction  in  an  Injection  laser 
consists  of  two  components.  One  component,  due  to  a  diffusion  process,  results 
from  carriers  surmounting  the  barrier  and  recombining  on  the  other  side  of  the 
junction.  The  other,  due  to  space  charge  region  (SCR)  recombination,  results 
from  carriers  entering  the  depletion  region  and  recombining  there.  The  light 
output  of  the  laser  may  be  due  to  radiative  recombinations  resulting  from  one 
or  the  other  of  the  components,  or  to  a  combination  of  both.  That  portion  of 
the  total  current  which  results  in  radiative  transitions  Is  referred  to  as  the 
radiative  current. 


The  expression  for  the  diffusion  current  Is 
qAD1/2  n  nU 


where 

q  »  the  electronic  charge 

A  «  the  junction  area 

0  -the  electron  diffusion  coefficient 
npo  *  the  "rtno^ty  carrier  density 
*  ■  the  carrier  lifetime 

V  ■  the  applied  voltage 

k  *  Boltzmann's  constant 

T  ■  the  temperature 

The  SCR  current  Is  given  by 


(15) 
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where 

n^  *  the  Intrinsic  carrier  density 

w  =  the  width  of  the  space  charge  region 

The  total  current  flow  Is  normally  due  to  a  combination  of  the  two  mechanisms, 
but  since  SCR  current  Increases  faster  than  diffusion  current  as  the  energy  gap 
widens,  the  total  current  Is  normally  given  as  ItQt  ~  1^  for  comparatively 
large  gap  materials  such  as  GaAs. 

RADIATION  DAMAGE  TO  LASER  DIODES 

Neutron  Irradiation  of  a  GaAs  crystal  may  cause  damage  to  the  crystal  by  any 
of  several  mechanisms.  If  a  fast  neutron  Interacts  with  the  crystal.  It  might 
knock  atoms  from  the  lattice,  thereby  leaving  a  vacancy.  Additionally,  the 
atom  that  was  removed  may  be  deposited  interstltlally.  If  the  neutron  energy 
Is  large  enough.  It  can  transfer  enough  energy  to  the  displaced  atom  to  set  up 
an  avalanche  of  vacancies  and  interstitials.  This  would  leave  a  relatively 
large  damaged  area  within  the  crystal.  Neutrons  Interacting  with  the  crystal 
may  also  transmute  some  atoms  by  neutron  absorption  reactions  which  would  create 
additional  impurities.  A  final  possibility  is  Ionization  of  lattice  atoms, 
thereby  creating  additional  charge  carriers. 

Two  of  the  effects  of  neutrons.  Ionization  and  transmutation,  are  Insignif¬ 
icant  In  their  effect  on  laser  diode  operation.  The  high  level  of  impurity 
doping  (about  1018/cm3)  overpowers  the  small  amount  of  impurities  that  would  be 
produced  by  neutron  activation  (upper  estimate  is  about  5  x  1014/cm3  In  this 
experiment).  Ionizations  are  not  significant  because  the  free  electrons  quickly 
recombine  with  Ionized  centers  until  equilibrium  Is  again  reached. 

Lattice  damage  In  the  form  of  displacements.  Interstitials,  and  dangling 
bonds  is  significant  In  its  effect  on  laser  diode  operation.  These  defects 
cause  local  perturbations  In  the  energy  levels  and  form  additional  recombination 
centers.  If  these  are  nonradlatlve  recombination  centers,  the  Internal  quantum 
efficiency  of  the  device  will  probably  decrease.  If  the  centers  give  radiative 
recombinations,  then  there  may  be  radiation  produced  at  a  new  wavelength 
because  of  the  displaced  energy  levels  In  the  region  of  the  damage.  Other 
possible  effects  of  lattice  damage  Include  changes  In  Index  of  refraction. 
Increased  absorption  or  scattering,  and  changes  In  electrical  properties  such 
as  carrier  lifetime,  electrical  resistance,  and  carrier  mobility. 
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Early  studies  of  radiation  effects  In  GaAs  were  performed  by  Aukerman  and 
others  to  determine  changes  In  electrical  and  optical  properties  of  the  material 
(Ref.  4).  They  found  that  the  conductivity  of  GaAs  decreased  significantly 
after  exposure  to  a  large  fluence  of  neutrons  (TO16  n/cm2).  They  also  found 
an  Increase  In  absorption  band  edge  with  moderate  (1016  n/cm2)  Irradiation. 
Another  result  of  this  study  was  the  discovery  of  additional  energy  levels  In 
GaAs  after  Irradiation. 

In  addition  to  the  mechanisms  of  physical  damage  described  before,  Aukerman 
(Ref.  4)  referenced  a  phase  change  reaction  proposed  by  Edwards  and  others. 

A  fast  neutron  may  deposit  enough  energy  In  a  small  volume  of  the  crystal  to 
create  a  pocket  of  high  temperature  and  pressure.  This  will  cause  the  material 
to  change  Irreversibly  to  a  metallic  phase,  creating  a  relatively  large  pertur¬ 
bation  In  the  energy  levels  of  the  semiconductor  In  that  region. 

More  recent  studies  by  Barnes  (Refs.  5  and  14)  dealt  with  neutron  damage  In 
close  confinement  (referring  to  the  active  region  confinement)  GaAs  laser  diodes 
at  and  below  threshold.  He  found,  by  using  diodes  with  cavities  of  different 
lengths,  that  the  primary  mechanism  for  Increases  in  threshold  current  after 
Irradiation  was  a  decrease  In  Internal  quantum  efficiency.  In  his  study, 
little  Increase  In  the  absorption  coefficient  was  indicated. 

The  basic  model  for  damage  used  by  Barnes  (and  later  Southward)  Is  that  the 
neutron  fluence  causes  a  linear  Increase  In  the  reciprocal  of  the  lifetime  (t) 
of  the  carriers: 

1/t  -  1/t0  +  K  <p  (16) 

or 

t°/t(4)  ’  I  *  tK*  O?) 

where 

t0  ■  the  unirradiated  lifetime 
K  ■  a  damage  constant 
+  *  the  neutron  fluence 

The  radiative  lifetime  Is  a  measure  of  the  probability  of  a  radiative  recombina¬ 
tion  occurring,  and  the  nonradlatlve  lifetime  Is  a  measure  of  the  probability 
of  a  nonradlatlve  recombination  occurring  (recombination  rate  Is  proportional  to 
1/t).  Thus,  the  Internal  quantum  efficiency  can  be  expressed  In  terms  of  t: 
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_  total  lifetime 
n1  radiative  lifetime 


The  centers  formed  by  neutron  Irradiation  may  be  either  radiative  or  non- 
radlative.  From  the  preceding  discussion  and  from  the  results  of  previous 
studies.  It  Is  evident  that  more  nonradlative  centers  are  formed  and  the 
decreases.  If  the  decrease  in  radiative  lifetime  is  much  less  than  the  decrease 
in  total  lifetime,  tr  In  Equation  18  can  be  considered  to  be  constant  In  the 
presence  of  a  neutron  flux.  Therefore,  Equation  18  can  be  substituted  Into 
Equation  17  to  give  the  relationship  for  neutron  degradation  of  internal  quantum 
efficiency. 


ni  (o)/n.j  (♦)  -  1  =  tq  4> 

where  is  the  damage  constant  for  Internal  quantum  efficiency. 


Expressions  for  the  changes  in  threshold  current  and  differential  quantum 
efficiency  may  be  derived  using  Equation  19.  Since  Barnes  found  that  the 
degradation  was  due  to  a  decrease  In  n^  and  not  an  increase  in  a,  all  the  terms 
in  Equation  8  except  B  may  be  considered  to  be  constant  with  respect  to  an 
increase  in  neutron  fluence.  Therefore,  as  6  Is  directly  proportional  to  n7-» 
making  Ith  Inversely  proportional,  the  expression  for  the  increase  in  threshold 
current  may  be  written: 


<°>  - 1  ■  To  KI  ♦ 


where  Kj  Is  the  damage  constant  for  threshold  current.  From  Equation  13  It  Is 
seen  that  An  is  directly  proportional  to  n  giving 


An(o)/&n(<f)  -  1  *  tq  $ 


where  is  the  An  damage  constant. 


Combining  Equations  12  and  21  gives  the  relationship  for  power  reduction  at 


a  constant  current  above  threshold;  i.e.,  I  -  Ith  ■  constant. 


P  (o)/P  (♦)  -  1  -  tq  Kp  * 


where  Kp  Is  the  power  damage  constant. 

The  model  for  radiation  damage  presented  here  is  very  simple.  The  basic 
assumption  is  that  radiative  lifetime  Increases  linearly  with  respect  to  total 
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lifetime  when  the  material  Is  exposed  to  a  flux  of  fast  neutrons.  This  results 
In  a  linear  Increase  In  threshold  current  and  a  linear  decrease  In  power  at  a 
constant  current  above  threshold.  Although  the  model  Is  simple*  It  has  been 
used  successfully  to  explain  results  In  other  studies  such  as  those  of  Southward 
and  Barnes. 


s> 
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III.  EXPERIMENTAL  EQUIPMENT  AND  PROCEDURES 


LASER  DIODES 

The  devices  used  for  this  study  were  manufactured  by  RCA  and  Laser  Diode 
Laboratories,  Inc.,  and  supplied  by  the  Air  Force  Weapons  Laboratory.  Both 
types  of  diodes  are  designed  for  continuous  Infrared  (IR)  emission  at  room 
temperature.  In  both  types  the  heterostructure  is  grown  by  liquid  phase  epitaxy, 
and  both  use  a  stripe  contact  to  limit  the  width  of  the  active  region.  Although 
much  Information  about  the  construction  of  the  diodes  is  proprietary,  some  of 
the  main  differences  can  be  presented. 

The  RCA  C30127  laser  diode  consists  of  probably  four  regions  (Ref.  12)  with 
an  oxide-isolation  stripe  contact.  The  active  region  of  n-type  Al^Ga-j  yAs  Is 
sandwiched  between  two  layers  of  AlxGa^_xAs,  one  p-type  and  one  n.  The  value 
of  y  (probably  about  0.1)  is  smaller  than  the  value  of  x  (probably  about  0.3)  so 
that  the  band  gap  In  the  recombination  region  Is  less  than  that  In  the  adjoining 
regions.  A  highly  doped  p-type  GaAs  layer  is  grown  next  to  the  p-type  AlGaAs 
layer  to  provide  a  better  ohmic  contact  with  the  metallic  stripe. 

In  the  RCA  diode,  the  contact  stripe  Is  formed  by  depositing  a  layer  of 
Insulating  S102  on  the  surface  of  the  p+  region.  A  13  wm  wide  stripe  is  removed 
along  the  desired  active  area.  The  individual  devices  are  made  from  the  wafer 
by  cleaving  the  wafer  into  slivers  and  sawing  the  slivers  Into  sections.  The 
cleaved  ends  of  the  device  form  the  reflecting  surfaces  of  a  Fabry-Perot  lasing 
cavity.  The  sawed  edges  have  low  reflectivity,  thus  suppressing  horizontal 
modes  In  the  cavity. 

After  the  Individual  diodes  are  formed  the  laser  Is  passivated,  that  Is,  the 
end  facets  of  the  laser  are  coated  with  a  dielectric  material  to  reduce  the 
possibility  of  catastrophic  degradation  due  to  facet  damage.  The  p-slde  of  the 
device  Is  then  Indium-soldered  to  a  copper  heatsink  with  the  S102  Insulating 
all  but  the  stripe  region. 

The  Laser  Diode  Laboratories  LCW-10  Is  manufactured  In  much  the  same  way  but 
with  a  few  Important  differences.  The  aluminum  concentration  In  the  active 
region  Is  slightly  lower  than  that  for  RCA  diodes,  resulting  In  a  shorter  wave¬ 
length  of  emission.  This  region  Is  also  p-type  rather  than  n-type  as  In  the 
RCA  devices.  The  sandwich  layers  contain  a  slightly  higher  concentration  of 
aluminum  (x  ■  0.35)  than  the  RCA  diodes  which  may  give  better  confinement  of  the 


active  region .  Also,  there  are  two  additional  layers  in  the  LCW-10  diode,  both 
n-type.  The  substrate  is  grown  with  a  very  low  dislocation  density  (1000/cm2) 
by  the  gradient- freeze  technique.  Onto  this  layer  is  grown  a  layer  of  n-type 
GaAs  designed  to  terminate  dislocation  networks  or  substrate  surface  imperfec¬ 
tions.  These  two  layers  greatly  reduce  the  possibility  of  gradual  degradation 
of  the  device  caused  by  dislocation  migration  into  the  active  region  (Ref.  15). 

Additional  precaution  against  defect  formation  is  taken  by  using  a  mono¬ 
lithic  stripe.  Instead  of  etching  a  stripe  in  a  deposited  layer  of  an  oxide 
insulator,  a  layer  of  n-type  GaAs  Is  deposited  and  then  etched  to  form  a 
15-micron  wide  stripe.  This  n-layer  forms  a  reverse  biased  p-n  junction  which 
is  nonconducting  except  in  the  stripe  region  where  the  n-type  material  has  been 
removed.  This  method  is  simple,  it  reduces  the  danger  of  forming  lattice 
defects  near  the  surface  of  the  pellet,  and  reduces  the  stress  on  the  surface 
of  the  chip.  Additionally,  thermal  conduction  from  the  laser  to  the  heatsink 
is  better  because  of  the  absence  of  the  oxide  layer,  which  is  a  poor  thermal 
conductor  (Ref.  15). 

IRRADIATION  FACILITIES  AND  PROCEDURES 

The  source  of  neutrons  used  for  irradiation  of  the  laser  diode  samples  was 
the  Ohio  State  University  nuclear  reactor.  It  Is  a  swimming  pool  reactor  with 
a  maximum  power  level  of  10  kW.  The  core  of  the  reactor  consists  of  a  5-by-5 
array  of  20  fuel  elements,  4  control  rod  elements,  and  a  central  irradiation 
facility  (CIF).  The  fuel  elements  are  standard  10-plate  elements  of  uranium- 
aluminum  alloy  clad  with  aluminum.  The  enrichment  Is  93  percent  U-235  (Ref.  16). 

Irradiations  for  this  experiment  were  performed  In  the  CIF  of  the  reactor. 
This  facility  Is  a  1-1/2  Inch  diameter  aluminum  pipe  located  in  the  core  at 
matrix  position  (3,3).  The  inside  of  the  pipe  Is  dry  and  samples  may  be  lowered 
by  string  to  the  geometric  center  of  the  core.  The  unperturbed  neutron  flux  in 
the  CIF  with  the  reactor  operating  at  10  kW  Is  3.97  x  10n  n/cm2-s,  of  which 
50  percent  are  thermal  neutrons  (E  less  than  4.75  x  lO-7  MeV),  50  percent  are 
eplcadmlum  neutrons  (E  greater  than  4.75  10’7  MeV),  and  21  percent  are  fast 
neutrons  (E  greater  than  0.5  MeV)  (Ref  Ohio  State  Handout  on  reactor  fluxes). 
About  5  percent  of  the  total  dose  at  10  kW  Is  due  to  gamma  radiation.  This  Is 
a  dose  of  about  6  x  10s  rad/hr,  which  Is  much  less  than  the  gamma  dose  given  to 
the  diodes  in  the  work  described  later  in  this  report. 
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For  this  experiment,  each  sample  was  irradiated  inside  a  2-inch  by  3/4-inch 
cylindrical  plastic  vial  lined  with  a  0.040-inch  thick  coating  of  cadmium  to 
absorb  thermal  neutrons.  The  liner  consisted  of  a  disc  in  the  bottom  of  the 
vial,  a  1-inch  high  cylinder,  and  a  removable  top.  Since  the  end  caps  were  not 
formed  to  overlap  the  cylinder,  the  liner  was  inspected  visually  before  each 
irradiation  to  assure  that  there  were  no  gaps. 

The  sample  was  placed  Inside  the  liner  along  with  a  nickel  wire  for  monitor¬ 
ing  the  flux.  No  attempt  was  made  to  position  the  wire  or  the  laser  diode  at 
a  certain  spot  inside  the  liner.  After  the  sample  and  wire  were  in  place,  the 
plastic  vial  was  put  in  a  basket  and  lowered  by  string  into  the  core.  A  knot 
in  the  string  was  used  to  mark  the  distance  from  the  top  of  the  CIF  pipe  to  the 
center  of  the  core.  Timing  for  the  irradiation  began  when  the  sample  arrived 
at  the  core  center  if  the  reactor  was  already  at  full  power  when  the  sample  was 
Inserted,  or,  if  the  sample  was  inserted  before  reactor  startup,  when  full 
power  (10  kW)  was  reached.  Timing  was  ended  when  the  sample  was  removed  from 
the  core  or  when  the  reactor  was  shut  down. 

After  the  vial  was  removed  from  the  reactor,  the  sample  was  removed  and 

monitored  for  gamma  and  beta  activity  before  Its  operating  characteristics  were 

tested.  The  flux  monitoring  wire  was  analyzed  with  a  GeLi  detector  and  a 

Canberra  4096  channel  analyzer.  A  minicomputer  program  gave  the  activity  of 

the  cobalt-58  (Co  )  directly  from  the  data  in  the  analyzer.  The  810  keV  photo- 
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peak  of  Co  was  used  to  determine  the  activity  of  the  wire. 

Two  diodes  were  Irradiated  at  liquid  nitrogen  temperature.  For  this  experi¬ 
ment,  a  cadmium  liner  was  placed  inside  a  polystyrene  container.  After  the 
diode  and  flux  wire  were  in  place,  the  container  was  filled  with  liquid  nitrogen 
and  lowered  Into  the  CIF.  After  five  minutes  of  irradiation,  the  container  was 
removed  and  the  diode  was  dumped  into  a  cup  of  liquid  nitrogen  and  carried  to 
the  experimental  area  where  its  operating  characteristics  were  measured.  The 
diode  was  not  out  of  the  liquid  nitrogen  more  than  a  few  seconds  during  transfer 
to  the  testing  apparatus.  After  the  first  set  of  data  was  taken,  the  diode  was 
allowed  to  warm  to  room  temperature.  It  was  then  recooled  and  the  measurements 
were  repeated  to  determine  if  any  annealing  of  defects  had  occurred. 

MEASUREMENT  OF  LASER  DIODE  CHARACTERISTICS 

All  laser  diode  characteristics  were  measured  with  the  diode  Immersed  In 
liquid  nitrogen  except  for  some  preliminary  measurements  that  were  taken  at  room 
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temperature.  Liquid  nitrogen  was  used  because  of  the  difficulty  of  maintaining 
a  constant  temperature  when  the  diode  was  operated  in  air.  Although  the 
temperature  of  the  laser  diode  was  not  monitored,  heat  generated  during  opera¬ 
tion  of  the  device  was  assumed  to  be  dissipated  by  the  liquid  nitrogen. 

Power  output  of  the  devices  was  measured  with  an  EG&G  550  multiprobe  with 
the  flat  filter  installed.  Because  the  sensitive  area  of  the  detector  subtends 
only  a  fraction  of  the  laser  beam,  relative  power  measurements  were  taken.  To 
minimize  the  effects  of  errors  in  the  alignment  of  the  lasers,  a  piece  of 
opalized  glass  was  placed  against  the  outside  wall  of  the  dewar  as  depicted  in 
Figure  6.  This  dispersed  the  beam  so  that  the  position  of  the  detector  in  the 
beam  was  not  as  critical.  Under  these  conditions,  measurements  of  power  output 
versus  input  current  were  reproducible  with  less  than  10  percent  deviation  in 
power  at  a  constant  current. 


TO  PLOTTER 


OPALIZED  GLASS 


Figure  6.  Apparatus  for  measuring  power  output. 

The  output  of  the  multiprobe  was  connected  through  an  EG&G  450-1  indicator 
to  the  y-axls  of  a  Moseley  Autograf  Model  7001 A  x-y  plotter.  The  x-axIs  of  the 
plotter  recorded  the  voltage  drop  across  a  50-ohm  resistor  in  series  with  the 
laser  diode  (Fig.  7).  The  x-axIs  was  calibrated  so  that  its  reading  corre¬ 
sponded  to  the  reading  of  the  ammeter  in  series  with  the  diode. 
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Figure  7.  Circuit  for  measuring  power  and  voltage. 


Current  versus  bias  voltage  plots  were  made  by  disconnecting  the  radiometer 
output  from  the  y-axis  and  connecting  the  input  leads  of  the  laser  diode.  The 
current  was  then  increased  to  the  maximum  allowed  and  returned  to  zero. 

The  other  measurement  made  for  diodes  that  were  Irradiated  was  the  spectral 
output.  A  Jarrell  Ash  0.25-meter  Ebert  monochrometer  with  a  motor  drive  was 
used  to  measure  the  spectra  of  the  laser  diodes  at  different  operating  voltages. 
The  output  of  a  silicon  photovoltaic  detector  and  amplifier  mounted  at  the  exit 
slit  was  connected  to  the  x-axIs  of  the  plotter  and  the  y-axis  was  set  to  sweep. 
The  sweep  was  started  at  a  known  wavelength  and  the  sweep  rate  was  known,  so  the 
wavelength  of  the  peaks  could  be  determined.  Additionally,  the  spectrum  of  a 
krypton  lamp  was  superimposed  on  the  laser  spectrum  when  possible. 

Voltage  and  current  measurements  were  made  by  Honeywell  Digitest  Model  333 
multimeters.  The  power  supply  was  one  side  of  a  Trygon  Dual  Lab  Power  Supply, 
Model  DL  40-1.  Increases  and  decreases  In  bias  current  were  made  by  manually 
increasing  the  power  supply  voltage. 
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IV.  RESULTS 


NEUTRON  FLUX  MEASUREMENTS 

Although  the  values  for  the  neutron  flux  published  by  the  Ohio  State 
University  Nuclear  Reactor  Laboratory  (NRL)  are  believed  to  be  correct,  nickel 
flux-monitoring  wires  were  irradiated  with  each  sample.  The  flux  was  calculated 
using  the  relationship 

A„  =  Na*(l-e'Xt)  (23) 

or,  for  t  «  t 

<J>  =  A„/N  o  X  t  (24) 

where  4  Is  the  flux  in  n/cmVs,  A0  is  the  activity  of  Co58  In  the  flux  wire  In 
disintegrations  per  second,  N  is  the  number  of  atoms  of  nickel-58  before 
irradiation,  a  Is  the  cross  section  for  the  (n,p)  reaction  of  nickel-58  In  the 
reactor,  x  is  the  decay  constant  for  Co58,  and  t  is  the  Irradiation  time. 

The  flux  calculated  from  the  activities  of  the  wires  was  consistently  higher 
than  the  value  of  3.97  x  10u  n/cn^-s  supplied  by  NRL.  The  wires  were  used  more 
than  once  because  of  the  long  half-life  of  Co58.  However,  because  of  the  errors 
that  accumulated  during  successive  countings,  only  the  first  run  for  each  wire 
was  used.  The  fluxes  calculated  from  the  first  runs  ranged  from  5.97  x  1011 
n/cm2-s  to  1.03  x  1012  n/cm2-s,  and  averaged  7.78  x  1011  n/cm2-s  with  an  average 
statistical  uncertainty  of  3.3  percent.  Because  of  this  discrepancy,  an 
aluminum  wire  was  used  for  one  of  the  Irradiations.  Results  from  the  (n,a) 
reaction  gave  a  flux  of  9.24  x  10n  n/cn^-s,  and  from  the  (N,p)  reaction  gave 
7.79  x  10u  n/cm2-s.  These  results  confirmed  the  values  obtained  with  the 
nickel  wires.  The  best  estimate  for  the  flux  using  calculations  from  the 
monitoring  wires  Is  7.94  x  1011  n/cm2-s,  exactly  twice  the  value  supplied  by  NRL. 

Reasons  for  this  discrepancy  include  either  errors  in  the  calculation  of  the 
cross  sections  by  NRL,  or  a  perturbation  of  the  neutron  flux  by  the  cadmium 
lining  of  the  sample  container.  The  reactivity  effect  of  the  cadmium  was  -0.24 
percent.  The  effect  of  this  negative  reactivity  was  to  decrease  the  neutron 
flux,  requiring  control  rods  to  be  pulled  farther  out  of  the  core  to  maintain 
full  power.  Since  the  reactor  Is  controlled  by  monitoring  the  flux  from  a 
point  outside  the  core,  the  flux  at  the  center  of  the  core  may  have  nearly 
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doubled,  while  the  flux  at  the  edge  of  the  core  decreased  sufficiently  to  keep 
the  total  power  at  10  kW. 

Further  experiments  are  being  done  to  resolve  this  uncertainty,  but,  until 

more  is  known,  values  of  flux  obtained  by  analyzing  the  wires  will  be  used. 

11  2 

Values  reported  in  this  report  are  based  on  a  flux  of  1.68  x  10  n/cm  -s  which 
is  the  fast  neutron  flux  (E  greater  than  0.5  MeV)  obtained  from  the  calculations. 

IRRADIATION  EFFECTS  ON  LASER  DIODES 

The  performance  of  the  laser  diodes  was  significantly  degraded  by  exposure 

to  the  neutron  flux.  The  first  diode  irradiated,  an  RCA  C30127,  No.  70, 

15  2 

received  a  fast  neutron  fluence  of  1.81  x  10  /cm  .  After  this  irradiation,  the 
diode  did  not  perform  as  a  laser,  so  the  dose  for  the  next  diode  was  reduced  by 
90  percent. 

The  other  diodes  all  showed  continued  degradation  with  each  irradiation.  A 
typical  result  is  shown  in  Figure  8,  the  relative  power  output  of  RCA  diode  No. 
550  as  a  function  of  forward  current  at  several  fluences.  Two  evident  effects 
of  irradiation  are  an  increase  In  threshold  current  and  a  decrease  In  the 
differential  quantum  efficiency. 

The  increase  in  threshold  current  for  the  four  diodes  that  received  step 
irradiations  Is  shown  In  Figure  9.  Threshold  current  was  determined  by  extrap¬ 
olating  the  first  Increase  in  the  power  versus  current  curve  back  to  the  current 
axis.  The  point  of  Intersection  was  taken  to  be  !th‘  The  unirradiated  thresh¬ 
old  current  for  the  Laser  Diode  Laboratories'  diodes  was  about  twice  that  of  the 
RCA  diodes,  and  the  relative  Increase  In  threshold  current  of  the  Laser  Diode 
Laboratories'  diodes  was  about  twice  as  high  also. 

The  Increases  are  linear  up  to  a  fluence  (y)  of  about  1015  n/cm2,  supporting 
the  model  developed  in  Section  II.  Above  this  value,  the  threshold  current  Is 
higher  than  that  predicted  by  the  linear  model.  There  are  several  possible 
causes  for  this  deviation.  The  most  likely  Is  Imprecision  in  measuring  the 
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threshold  current.  There  Is  only  one  point  above  10  n/cm  .  Although  the 
plots  of  output  versus  Input  current  for  this  fluence  show  a  definite  increase 
In  output  that  extrapolates  back  to  365  mA,  there  Is  a  short  region  of  the 
curve  that  extrapolates  to  310  mA,  close  to  the  value  predicted  by  the  linear 
model.  Another  possibility  Is  that  the  Increase  in  threshold  current  is 
actually  greater  at  higher  fluences  due  to  an  effect  other  than  the  formation  of 


25 


135  180 

BIAS  CURRENT  (iA) 


THRESHOLD  CURRENT  (■») 


a 


Figure  9.  Increase  In  threshold  current  vs  neutron  fluence. 


2 


nonradiative  centers.  This  could  Include  an  Increase  in  the  absorption  coeffi¬ 
cient  In  the  active  region  or  a  loss  of  some  of  the  wave  guiding  ability  of  the 
heterojunction  structure.  For  the  purposes  of  this  report,  the  reason  for  the 
nonlinearity  In  this  region.  If  It  exists,  is  not  important  because  an  Increase 
in  threshold  current  of  this  amount  at  77  K  would  be  an  Increase  to  well  above 
the  maximum  allowed  current  for  the  devices  at  room  temperature. 

If  all  four  curves  for  increases  in  rth  with  increasing  fluence  are  assumed 
to  be  linear,  the  damage  factor,  t0Kj,  from  Equation  20  can  be  calculated. 

These  factors  appear  in  Table  1.  The  values  of  tqKj  are  computed  by  adding  the 
overnight  recovery  amount  to  all  measurements  taken  the  next  day.  The  last 
value  for  RCA  diode  No.  65  is  not  included  in  the  calculation  because  of  its 
uncertainty.  Therefore,  the  values  for  x0K.  in  the  table  should  be  considered 
useful  only  for  values  of  v  below  about  101®  n/cm2. 

TABLE  1.  THRESHOLD  CURRENT  DAMAGE  FACTORS 
t0KI 

RCA  No.  65  5.93  x  10‘15  cm2  LDL  No.  3  4.53  x  10'15  cm2 

RCA  No.  550  5.13  x  10~1S  cm2  LDL  No.  4  5.22  x  10‘15  cm2 

The  decrease  In  differential  quantum  efficiency  for  each  of  the  four  diodes 
tested  in  this  experimental  phase  was  much  more  difficult  to  measure  because  of 
the  Irregular  behavior  of  the  output  power  versus  input  current  curves. 

Figure  10  Is  an  example  of  the  large  discontinuity  encountered  in  diode  No.  65. 
Although  the  other  diodes  behaved  less  erratically,  all  exhibited  some  sort  of 
kink  or  discontinuity  which  generally  Increased  in  severity  as  the  fluence 
Increased. 

The  differential  quantum  efficiency  was  measured  in  two  ways.  First,  the 
slope  of  the  P  versus  I  curve  at  (i  -  ■  constant  was  measured  graphically 

by  dividing  the  change  In  power  over  a  small  region  by  the  change  In  current 
over  the  same  region.  This  technique  proved  to  be  less  than  optimum  because  of 
the  many  changes  In  An.  The  second  method  was  an  attempt  to  find  the  average 
An  over  the  entire  region  above  threshold.  A  straight  line  was  drawn  using  the 
least  squares  regression  technique  that  best  approximated  the  P  versus  (i  -  1^' 
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Figure  10.  Power  vs  (i-I^  for  RCA  Diode  No.  65. 


line*  and  the  slope  of  this  line  was  taken  to  be  an.  Since  the  purpose  of  this 
study  Is  to  be  able  to  predict  the  output  power  of  a  device  at  a  given  neutron 
fluence,  this  method  was  thought  to  be  the  most  useful.  The  results  of  this 
measurement  appear  In  Figure  11.  Although  the  lines  In  Figure  11  are  not 
straight  as  predicted,  the  varied  deviations  from  linearity  do  not  suggest  any 
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Figure  11.  Change  In  differential  quantum  efficiency  vs  neutron  fluence. 


other  trend.  The  slopes  of  the  straight  line  approximations  to  the  data  In 
Figure  11  are  factors  an  In  Equation  21  for  each  of  the  diodes.  These  values 
are  tabulated  In  Table  2. 


The  relative  output  power  of  each  of  the  four  diodes  tested  is  displayed  In 


Figure  12.  The  sudden  drop  In  power  at  3.6  x  1014  for  the  RCA  diode  No.  65 
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TABLE  2.  DIFFERENTIAL  QUANTUM  EFFICIENCY  DAMAGE  FACTORS 


RCA  No.  65 

2.72  x  10'1S  cm2 

LDL  No.  3 

8.43  x 

10' 

RCA  No.  550 

2.23  x  10"15  cm2 

LDL  No.  4 

1.89  x 

10' 

Figure  12.  Relative  power  at  100  mA  above  threshold  vs  neutron  fluence. 


Indicates  overnight  changes  In  the  diode.  These  values  are  arbitrary  power  units 
taken  at  100  mA  above  threshold  for  each  device.  These  values  are  erratic  and, 
for  two  of  the  diodes,  LOL  No.  4  and  RCA  No.  65,  appear  to  follow  no  pattern. 

The  other  two  diodes,  LOL  No.  3  and  RCA  No.  550,  show  an  approximately  linear 
decrease  In  power  with  increasing  neutron  fluence.  The  erratic  behavior  of  the 
first  two  curves  mentioned  Is  probably  due  to  anomalies  In  the  P  versus  I  curve 
at  I-I^h  *  100  mA.  Since  two  of  the  diodes  show  a  linear  decrease,  a  linear 
function  for  all  four  may  be  assumed.  The  values  of  x0Kp  from  Equation  22  were 
found  by  least  squares  linear  regression  to  P(o)/PU)-l  points  with  a  correction 
for  overnight  recovery  as  described  for  differential  quantum  efficiency.  The 
values  for  x0Kp  are  presented  In  Table  3. 

TABLE  3.  POWER  DAMAGE  FACTORS 
*oKp 

RCA  No.  65  5.19  x  10_lS  cm2  LOL  No.  3 

RCA  No.  550  4.05  x  lo“15  cm2  LOL  No.  4 


9.00  x  10'15  cm2 
-7.79  x  10"17  cm2 


The  results  discussed  to  this  point  are  useful  primarily  for  verifying  the 
model  derived  In  Section  II.  For  practical  purposes,  the  effect  of  the  neutron 
fluence  on  the  relative  output  at  a  constant  current  or  constant  voltage  Is 
important.  From  the  damage  model,  the  relative  output  at  constant  current  as  a 
function  of  ♦  should  be 

P  (*)  «  An(ip)  I-Ith  (<>)  (25) 

Because  of  the  anomalies  In  the  power  output  curves,  this  equation  will  not 
predict  the  power  output  exactly.  The  measured  relative  power  at  200  mA  for 
each  diode  Is  plotted  in  Ftgure  13.  As  seen,  the  output  power  at  constant 
current  decreases  as  the  Inverse  square  of  the  neutron  fluence.  No  single 
factor  was  derived  for  predicting  the  power  output  at  a  constant  current  because 
It  can  be  predicted  using  damage  factors  already  derived,  along  with  Equation  25. 

In  addition  to  measurements  of  power  versus  current,  voltage  versus  current 
measurements  were  taken.  A  typical  plot  of  V  versus  I  Is  shown  In  Figure  14. 

In  this  experiment,  there  was  no  appreciable  change  In  the  voltage  required  to 
produce  a  given  current.  Indicating  either  that  the  effect  of  a  neutron  fluence 
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Figure  13.  Relative  power  output  at  200  mA  vs  neutron  fluence. 


on  the  diode  resistance  was  very  small,  or  that  more  than  one  effect  was  taking 
place  and  the  effects  nearly  canceled  each  other. 

From  previous  studies,  at  least  two  effects  on  V  versus  I  curves  would  be 
expected  when  a  GaAs  semiconductor  Is  Irradiated  with  neutrons.  Aukerman 
(Ref.  4)  reported  an  Increase  In  resistivity  of  the  GaAs  material  with  neutron 
Irradiation.  Southward  (Ref.  6)  reported  an  increase  In  current  at  constant 
voltage  for  Irradiated  GaAs  diffused  laser  diodes.  The  increased  current  from  a 
decreased  carrier  lifetime,  coupled  with  Increased  IR  losses,  could  account  for 
the  lack  of  significant  changes  In  this  study.  If  the  change  In  I  versus  V  was 
very  small.  It  would  not  be  detectable  with  the  equipment  used  due  to  the  slope 
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Figure  14.  Bias  voltage  vs  forward  current. 

of  the  I  versus  V  line  In  the  operating  region.  For  this  report.  It  was  assumed 
that  no  change  In  the  voltage  required  for  a  given  current  occurred. 

The  last  data  taken  were  spectral  measurements  of  the  laser  output.  After 
Irradiation,  there  was  no  significant  change  In  the  peak  wavelength  for  lasing. 
Indicating  that  the  neutron  fluence  did  not  affect  the  energy  band  gap  for  the 
lasing  transition.  There  was,  however,  a  shift  In  peak  wavelength  with  Increas¬ 
ing  voltage,  Indicating  that  the  tunneling  mechanism  described  In  Section  II 
took  place.  Additionally,  some  diodes  showed  a  tendency  to  lase  at  two  wave¬ 
lengths  separated  by  about  3  to  4  nm.  This  suggests  that  there  are  two 
cavities  for  lasing  Instead  of  the  one  cavity  for  which  the  lasers  are  designed. 


The  different  wavelengths  become  dominant  at  different  bias  currents,  but  no 
consistent  relationship  could  be  derived. 

The  results  of  irradiations  at  liquid  nitrogen  temperatures  were  inconclu¬ 
sive.  Because  the  container  could  only  hold  enough  liquid  nitrogen  for  a  five- 
minute  irradiation,  the  reduction  in  power  was  only  slightly  more  than  the 
reproducibility  limits  of  the  measurements  (about  10  percent).  One  diode  showed 
no  change  in  operating  characteristics  after  being  warmed  to  room  temperature. 
The  other  showed  a  slight,  but  insignificant.  Increase  in  power  output  versus 
current. 
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V.  DISCUSSION  AND  RECOMMENDATIONS 

DISCUSSION  OF  RESULTS 

The  results  of  this  work  show  that  AlGaAs,  double  heterojunction,  stripe 
geometry  laser  diodes  behave  much  like  diffused  GaAs  lasers  when  exposed  to  a 
flux  of  fast  neutrons.  The  linear  nature  of  the  degradation  of  threshold 
current,  differential  quantum  efficiency,  and  output  power  at  a  constant  current 
above  threshold  suggests  that  the  simple  model  developed  in  Section  II  is 
probably  adequate. 

It  must  be  remembered  that  the  damage  factors  for  laser  operation  were 
derived  from  measurements  taken  at  77  K  and  not  at  room  temperature.  The 
purpose  of  immersing  the  diodes  in  liquid  nitrogen  was  to  provide  more  control 
over  the  operating  temperature  of  the  diode.  When  applying  these  data  to 
devices  operating  at  room  temperature,  the  fact  that  preirradiation  threshold 
current  is  much  higher  must  be  taken  into  account.  Moreover,  the  factor  tqKj 
would  be  expected  to  be  higher  because  t0  is  larger  at  room  temperature  than  at 
77  K.  The  temperature  dependence  of  tqKj  is  demonstrated  in  the  results  of 
Southward's  study  (Ref.  6).  An  estimate  of  the  threshold  current  versus  neutron 
fluence  at  room  temperature  is  given  in  Figure  15.  Additional  study  of  the 
operation  of  these  diodes  at  room  temperature  must  be  done  before  their  suit¬ 
ability  for  use  in  Air  Force  systems  can  be  determined. 

An  interesting  and  unexpected  result  of  the  measurements  of  power  versus 
current  was  the  significant  departure  from  linearity.  Kinks  in  power  output 
versus  current  curves  have  been  observed  before  (Refs.  17,  18,  and  19)  and 
explained  in  a  number  of  ways.  Kobayashi  (Ref.  18)  suggests  that  the  horizontal 
inodes  of  the  laser  are  unstable  and  that  the  number  and  intensity  of  these  modes 
changes  with  the  pumping  level.  As  the  pumping  level  is  increased,  the  confine¬ 
ment  of  the  horizontal  mode  is  decreased  because  the  threshold  gain  region 
extends  farther  laterally.  This  causes  the  horizontal  component  of  the  beam  to 
extend  farther  away  from  the  center  of  the  device  where  there  is  more  loss.  The 
result  Is  an  increase  in  the  total  apparent  cavity  loss,  o,  and  a  reduction  in 
the  differential  quantum  efficiency.  Thus,  a  kink  or  nonlinearity  appears  in 
the  output  versus  current  curve  of  the  diode. 

Risch,  et  al.,  (Ref.  19)  have  used  an  external  cavity  to  study  the  non- 
linearities  in  AlGaAs  lasers.  They  concluded  that  the  Internal  quantum 
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Figure  15.  Estimated  Increase  In  threshold  current  vs  neutron 
fluence  at  room  temperature 

efficiency  of  their  devices  was  near  100  percent  and  was  Independent  of  the 
current  density.  The  anomalies  appeared  to  be  related  to  the  ratio  between 
stimulated  and  spontaneous  emission  rates  (Ref.  19). 

The  most  likely  hypothesis  In  light  of  the  results  of  the  current  study  Is 
proposed  by  Campos,  et  al.,  (Ref.  17).  The  fact  that  the  near  field  trans¬ 
mission  pattern  changes  In  the  kink  region  of  the  laser  output  led  Campos  and 


his  colleagues  to  believe  that  the  anomalies  are  due  to  competition  between  two 
cavities  within  the  device.  They  propose  that  at  low  currents,  the  gain  losses 
are  high  and  the  area  of  least  loss  determines  the  lasing  cavity.  The  longi¬ 
tudinal  axis  of  the  cavity  may  be  angularly  displaced  several  degrees  from  the 
perpendicular  to  the  cleaved  ends  of  the  diode.  As  the  current  density  is 
Increased,  the  gain  throughout  the  active  region  becomes  more  uniform  and  the 
mirror  losses  determine  the  location  of  the  lasing  cavity.  Since  the  factor  R 
is  different  for  the  two  cavities,  the  differential  quantum  efficiency  will 
change  when  the  diode  changes  cavities  and  a  nonlinearity  or  kink  will  appear 
in  the  P  versus  I  curve. 

Some  devices  used  in  the  present  study  showed  a  tendency  for  the  beam  to 
change  direction  in  the  far  field  as  the  current  was  increased.  Sometimes  the 
beam  would  change  back  to  the  original  direction  as  current  was  increased  more, 
and  continue  to  jump  back  and  forth  as  the  current  was  further  Increased.  The 
P  versus  I  curve  of  these  devices  showed  several  nonlinearities  and  some  dis¬ 
continuities.  No  one  else  has  reported  discontinuities  in  the  P  versus  I  curves 
of  laser  diodes,  and  the  cause  for  their  appearance  is  not  known.  Possibly, 
the  abrupt  change  of  laser  cavities  as  the  current  is  changed  also  causes  the 
internal  quantum  efficiency  (for  stimulated  emission),  and  consequently  the 
power  output,  of  the  device  to  change.  Another  possibility  is  that  the  most 
Intense  portion  of  the  beam  missed  the  detector  when  the  laser  cavity  changed, 
even  with  a  diffuser  near  the  window  of  the  diode. 

Whatever  the  cause  of  these  anomalies,  they  are  undesirable  for  communica¬ 
tions  systems.  When  the  laser  is  modulated  by  varying  the  input  current,  the 
output  should  be  linear  and  at  least  be  single  valued  for  a  given  current. 
Devices  showing  discontinuous  behavior,  such  as  the  RCA  diode  No.  65  used  In 
this  study  would  be  likely  to  transmit  false  Information  because  a  discontinuity 
could  be  Interpreted  as  a  pulse.  Although  the  anomalies  disappeared  after 
exposure  to  higher  neutron  fluences,  moderate  fluences  caused  the  discontinu¬ 
ities  to  become  more  prominent.  If  the  cavity  competition  model  for  the 
anomalies  Is  correct,  the  reduction  of  by  Irradiation  may  cause  the  Inhomo¬ 
geneity  to  be  enhanced,  thus  Intensifying  the  nonlinear  effects. 

Another  factor  which  must  be  considered  when  using  the  damage  constants 
obtained  In  this  study  is  the  source  of  neutrons.  According  to  Lambert,  et  al. 
(Ref.  20),  the  type  and  dose  rate  of  radiation  Is  Important  as  well  as  the 
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total  dose.  Although  the  energy  spectrum  of  the  neutrons  used  for  irradiation 
in  this  experiment  may  be  similar  to  the  air  moderated  spectrum  from  a  nuclear 
weapon,  there  are  differences  that  will  give  some  effect.  As  the  energy  of  the 
neutrons  increases,  an  increase  in  the  damage  factor  would  be  anticipated. 

The  dose  rate  for  this  experiment  was  considerably  less  than  that  expected 
from  a  nuclear  blast.  Lambert  found  that  neutrons  from  a  high  flux  accelerator 
inflicted  five  times  as  much  damage  in  semiconductors  as  the  same  total  dose 
from  a  nuclear  reactor. 

RECOMMENDATIONS 

Before  using  the  AIGaAs  diode  lasers  in  USAF  weapons  systems,  more  studies 
should  be  done  on  radiation  effects.  The  effects  of  a  neutron  fluence  on  room 
temperature  operation  should  be  studied  using  a  high  dose  rate  source.  This 
would  give  a  better  estimate  of  actual  performance  after  a  nuclear  blast.  In 
addition  to  the  studies  of  power  output,  studies  of  rise  time  and  time  delays 
should  be  completed. 

The  data  in  this  experiment  were  all  taken  after  irradiation  was  complete, 
and  flux  induced  charge  carriers  had  recombined.  An  experiment  to  determine 
the  transient  effects  of  radiation  on  the  lasers  must  be  done  because  flux 
induced  currents  may  damage  the  devices  or  associated  circuitry  significantly. 
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VI.  GAMMA  RADIATION-INDUCED  EFFECTS 

I 

I 

GENERAL 

The  exposure  of  AIGaAs  lasers  to  gamma  radiation  from  cobalt-60  ('1.25  MeV) 

Introduces  defects  In  the  material.  In  the  form  of  vacancies  and  Interstitials, 
which  affect  the  performance  of  the  lasers.  These  defects  usually  act  as  non- 
radlatlve  recombination  centers  and,  since  they  compete  with  the  radiative 
centers  for  the  Injected  carriers,  they  directly  Influence  such  performance 
parameters  as  power  output,  efficiency,  and  threshold  current.  Furthermore,  If 
the  defects  are  distributed  Inhomogeneous ly  In  the  device,  especially  In  the 
active  region,  some  effect  may  be  apparent  in  the  output  beam  characteristics. 

An  Inhomogeneous  distribution  could  result  from  the  Irradiation  method  or  from 
device  fabrication.  Each  area  will  be  examined  separately. 

EFFECT  OF  GAMMA  RADIATION  ON  CURRENT 

Irradiation  of  AIGaAs  lasers  with  gamma  radiation  introduces  nonradlative 
recombination  centers  (Ref.  9).  These  nonradlative  centers  have  the  effect  of 
decreasing  the  carrier  lifetime,  t.  Since  t  is  a  factor  in  both  current  compo-  j 

nents,  a  change  In  x  will  result  in  a  change  In  the  current  component.  The 
total  lifetime  may  be  expressed  as  1/x  *  l/xR  +  l/xNR,  where  xR  and  xRR  are,  < 

respectively,  the  radiative  and  nonradlative  lifetimes.  The  introduction  of  j 

nonradlative  centers  affects  xRR  as  illustrated  by  Equation  26.  1 

1/tnr  »  VtoNR  +  aNRI  Vth  Nnri  (26)  ! 

where  x0NR  Is  the  preirradiation  nonradlative  lifetime,  oNRI  is  the  capture  ' 

cross  section  of  the  minority  carriers,  Vth  Is  the  thermal  velocity,  and  NRRI  | 

are  the  radiation  Induced  nonradlative  recombination  centers.  NRRj  can  be 
replaced  by  Cj$,  where  Cj  is  the  rate  at  which  recombination  centers  are  Intro¬ 
duced  with  radiation,  <fr.  Equation  26  then  becomes 

1/tnr  ■  VtqNR  +  oRRI  Vth  C  *  (27) 

The  use  of  Equation  27  allows  the  total  carrier  lifetime  to  be  written  as 

Vt  -  l/t0  +  cNRI  Vth  Cj*  (28) 

where  the  subscript  o  denotes  the  preirradiation  value. 
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The  product  oNRj  Vth  Cj  Is  usually  denoted  by  K,  the  damage  constant.  The 
effect  of  radiation  on  the  total  lifetime  may  therefore  be  written  as 

1/t  =  1/t0  +  K*  (29) 

Substitution  of  Equation  29  In  the  current  equations  results  in  expressions  for 
Ip  and  I$qR.  which  contain  the  effect  of  radiation.  Equation  14  becomes 

an1/2  ,1/2 

ID  »  q  U  npo(1A0+  14)  exp  qV/kT 

Upon  simplification,  this  expression  reduces  to 


Ir 


W1  +  ToKl>) 


1/2 


(30) 


where  IQp  is  the  preirradiation  diffusion  current.  Similarly,  in  the  case  of 
XSCR, 

ISCR  *  O/x0  +  K*)  exp  qV/2kT 


This  simplifies  to 

*SCR  "  !oSCR  (1  +  To 


(31) 


As  an  example  of  the  effect  of  radiation  on  the  threshold  current,  Ith> 
consider  a  case  where  the  total  current  flows  predominantly  by  SCR,  but  light 
output  Is  due  to  a  diffusion  component.  Examination  of  Equations  30  and  31 
shows  that  the  effect  of  radiation  would  be  a  reduction  in  the  diffusion,  or 
radiative  current  component.  Since  the  radiative  component  determines  the 
threshold,  total  current  would  have  to  be  increased  until  the  diminished  radia¬ 
tive  component  Is  Increased  to  the  point  where  lasing  occurs. 

EFFECTS  OF  GAMMA  RADIATION  ON  POWER  OUTPUT 

Irradiation  tends  to  decrease  the  optical  output  of  an  Injection  laser  by 
Introducing  nonradlatlve  recombination  centers.  The  magnitude  of  the  effect 
of  radiation  depends  strongly  on  the  radiative  current  flow  mechanism  In  the 
device.  The  current  flow  mechanism,  in  turn,  depends  on  the  operating  tempera¬ 
ture,  the  applied  voltage,  and  properties  related  to  device  construction. 

If  the  radiative  current  flow  mechanism  can  be  Identified,  the  radiation- 
induced  change  In  output  can  be  determined.  A  problem  arises  when  a  definite 
Identification  cannot  be  made.  This  can  occur  when,  at  constant  temperature 
and  over  a  specific  range  of  applied  voltage,  the  radiative  current  flows  by  a 
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combination  of  the  mechanisms  mentioned  earlier.  Methods  available  to  Identify 
the  radiative  current  flow  mechanism  are  discussed  In  the  next  subsection. 


Another  factor  Influencing  the  measured  change  In  output  Is  the  method  used 
to  perform  the  measurement.  That  Is,  results  will  differ  depending  on  whether 
the  measurement  Is  performed  at  constant  voltage  or  at  constant  current.  A 
simple  explanation  for  this  effect  Is  that  at  constant  voltage  additional 
carriers  can  be  provided,  while  at  constant  current  this  Is  not  possible. 

The  output  of  an  Injection  laser  may  be  expressed  as 


P  =  C 


/  np  na  dx 

0 


(32) 


where  C  Is  a  constant,  np  Is  the  electron  concentration  on  the  p  side,  Is 
the  acceptor  concentration,  and  the  Integration  Is  into  the  p  region  (Ref.  21). 
If  Is  assumed  to  be  of  the  form  a*xn,  where  a  Is  a  constant  and  n  Is  depen¬ 
dent  on  doping  profile,  n  *  0  for  an  abrupt  junction  and  n  =  1  for  a  linearly 
graded  junction,  and  np  *  npfl  exp  (-X/Le)  for  the  case  of  exp  qV/kT  »  1  (Ref. 
11),  then  Equation  1  can  be  written  as 

00 

P  5  C  npo  a  exp  qV/kT  J  x11  exp  (-X/Le)dx 

o 

where  Le  Is  the  electron  diffusion  length.  Upon  evaluation  of  the  integral  and 
substitution  of  Le  *  (Dt)1^2,  this  expression  becomes 

n+1 

P  =  C  npo  a  exp  qV/kT  n  !  (Dt)"5""  (33) 

Substitution  of  Equation  29  In  Equation  33  yields,  after  simplification 
2 

(P0/P)n+1  *  1  +  x0K*  (34) 

where  P<>  represents  the  preirradiation  output.  Equation  34  expresses  radiation 
Induced  change  In  a  diffusion  controlled  output  when  measured  at  constant 
voltage. 

If  the  measurement  Is  performed  at  constant  current,  Equation  14  must  be 
solved  for  V  and  the  result  substituted  Into  Equation  33.  Substitution  yields, 
after  simplification, 


42 


AFWL-TR-79-43 


n+2 

p  -  Cl  t  'J_!D 


where  the  constants  have  been  collected  In  Cr 
expression  yields 


Use  of  Equation  29  on  this 


(Pn/P) 


2 

n+F 


1  +  Tn  K^) 


(35) 


The  total  current  In  these  devices,  especially  at  low  temperature  and  low 
supplied  voltage,  usually  flows  by  SCR.  Thus,  to  determine  the  change  In  out¬ 
put  due  to  damage  In  the  space  charge  region,  the  equation  for  total  current  Is 
used,  or  ItQt  «  *SCR‘  P°r  a  constant  current  measurement.  Equation  15  Is  solved 
for  V  and  the  result  Is  substituted  Into  Equation  33.  The  result  Is 


n+5 

r  ~2  ,2 
°2  T  *SCR 


The  use  of  Equation  29  results  In 
2 

(P0/P)n+5  *  1  +  tq  K* 


(36) 


If  the  output  Is  due  to  radiative  recombination  In  the  space  charge  region, 
then  for  a  constant  voltage  measurement,  the  effect  of  gamma  radiation  Is  negli¬ 
gible.  This  Is  the  case  since  the  recombination  rate  through  a  particular  type 
of  center  In  the  space  charge  region  Is  controlled  by  the  quasi-Fermi  levels. 
These  levels  are  affected  by  applied  voltage  and  doping,  but  not  by  irradiation 
unless  the  amount  of  radiation  Is  sufficient  to  cause  a  significant  removal  of 
carriers  In  the  neutral  regions. 

DETERMINATION  OF  CURRENT  FLOW  MECHANISMS 

It  has  been  indicated  that  radiation-induced  changes  in  output  are  dependent 

on  the  current  flow  mechanism  responsible  for  the  radiative  transitions.  The 

mechanisms  of  concern  are  diffusion  and  SCR. 

# 

A  tentative  Identification  of  the  current  mechanisms  can  be  made  by  examina¬ 
tion  of  the  P-V  and  I-V  curves.  Diffusion  current  may  be  written  as  Ip  *  Cl 
exp  qV/kT  and  SCR  current  as  I^p  •  C2  exp  qV/2kT,  where  Cj  and  C2  are  constants 
containing  all  the  factors  as  given  In  Equations  14  and  15.  Thus,  If  current 
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Is  plotted  versus  voltage  on  a  semi log  graph,  a  slope  of  q/kT  Indicates  a 
diffusion  process  and  a  slope  of  q/2kT  Indicates  an  SCR  mechanism.  When  current 
Is  plotted  versus  voltage,  the  values  of  current  represent  the  total  current. 
Similarly,  when  output  Is  plotted  versus  voltage,  the  slope  of  the  curve  gives 
an  Indication  of  the  current  flow  mechanism  responsible  for  the  radiative 
transitions. 

A  further  means  of  identification  is  due  to  the  differing  effects  of  radia¬ 
tion  on  diffusion  controlled  and  SCR  controlled  output.  The  effect  of  radiation 
on  diffusion  output  is  much  more  pronounced  then  on  SCR  output.  Comparison  of 
the  preirradiation  P-V  curve  with  the  post-irradiation  P-V  curve  may,  over  a 
range  of  V,  show  a  significant  difference,  indicating  diffusion  controlled  out¬ 
put,  or  may  show  only  a  slight  change,  indicating  SCR  controlled  output. 

SHIFT  OF  EMISSION  PEAK 

A  shift  in  energy  of  the  emission  peak  may  occur  with  a  change  In  the 
applied  voltage.  If  this  happens,  it  is  an  indication  of  the  presence  of  a 
radiative  current  due  to  a  tunneling  mechanism.  Tunneling  probability  is 
highest  near  the  respective  quasi-Fermi  levels  of  the  carriers  (Ref.  22).  The 
level  separation  Is  directly  dependent  on  V.  Thus,  a  change  in  applied  voltage 
causes  a  change  in  level  separation  and  a  photon  emitted  as  a  result  of  a 
tunneling  process  reflects  this  energy  shift.  The  tunneling  current  may  be 
expressed  as 

ltun  *  B  exp  (<xtV)  <37> 

where  B  Is  a  constant  containing  dopant  concentration  and  depends  on  the 
shape  of  the  junction  and  also  contains  dopant  concentration.  The  only 
radiation-sensitive  quantity  In  Equation  37  is  the  dopant  concentration.  This 
means  that  a  radiation  Induced  change  In  the  tunneling  current  only  becomes 
evident  when  the  amount  of  radiation  Is  sufficient  to  remove  a  significant 
number  of  carriers  by  effectively  changing  the  dopant  concentration.  Share, 
et  al.  (Ref.  10),  invoked  the  concept  of  the  luminescent  killer  center  to 
explain  the  peak  shift  with  Irradiation.  Assuming  donor-acceptor  pair  radiative 
transitions,  the  shift  to  higher  energies  can  be  explained  If  the  more  distant 
pairs  are  removed  from  the  radiative  process  by  the  killer  centers. 
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RADIATION  INDUCED  BEAM  CHANGES 

The  shift  of  the  emission  peak  with  irradiation  has  just  been  discussed. 
Changes  in  the  axial  mode  structure  of  the  emitted  light  are  not  anticipated 
since  these  modes  are  not  determined  by  any  radiation  sensitive  quantities. 
Changes  In  the  transverse  modes  could  occur  If  radiation  affected  the  properties 
of  the  active  region.  Transverse  mode  separation  is  given  by 

AA/Am  *  -A2/2irnex0  (38) 

where  ng  is  the  wavelength  dependent  index  of  refraction  and  xQ  represents  a 
constant  which  measures  the  rate  of  decrease  of  the  index  of  refraction  either 
parallel  or  perpendicular  to  the  junction,  depending  on  which  case  is  considered 
(Ref.  11).  The  effect  of  radiation  on  the  wavelength  is  minimal,  but  the  intro¬ 
duction  of  nonradiative  recombination  centers  may  change  the  wave-guiding 
properties  of  the  cavity.  This  effect  would  be  manifested  by  a  change  in  the 
product  of  the  effective  refractive  index  and  the  index  rate  of  change.  A 
change  in  the  wave-guiding  characteristics  of  the  cavity  would  appear  as  changes 
in  the  intensity  distribution  of  the  beam  and  in  changes  in  beam  divergence. 
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VII.  DESCRIPTION  OF  SAMPLES  AND  EXPERIMENTS 


The  Injection  lasers  used  in  this  study  were  type  C30127  from  RCA  and  type 
LCW-10  from  Laser  Diode  Laboratories,  Inc.  Both  types  were  designed  to  operate 
In  the  continuous  wave  mode  at  room  temperature.  Relevant  performance  character 
Istlcs,  as  provided  by  the  manufacturers,  are  given  In  Table  4.  Specific 
Information  was  provided  with  each  sample  and  is  listed  in  Table  5.  Detailed 
Information  about  these  AIGaAs  lasers  was  considered  proprietary  by  the  manu¬ 
facturers  and  could  not  be  obtained. 


TABLE  4.  TYPICAL  OPERATING  CHARACTERISTICS  AT  ROOM  TEMPERATURE 
AS  PROVIDED  BY  MANUFACTURER 


Parameter 

LCW-10 

C30127 

Units 

P  (max) 

14 

15 

mW 

■th 

200 

250 

mA 

Emission  Peak 

850 

820 

nM 

Beam  Spread 

Parallel 

5 

5 

deg,  HWHM 

Perpendicular 

20 

20 

deg,  HWHM 

TABLE  5.  SPECIFIC  INFORMATION  PROVIDED  BY  MANUFACTURER 


Type 

Sample 

!th  (mA) 

‘max  (raA> 

P0  (mW) 

LCW-10 

1 

180 

230 

11.6 

LCW-10 

2 

210 

260 

12.5 

C30127 

66 

240 

500* 

5  at  260  mA 

C30127 

68 

210 

500* 

5  at  245  mA 

*Imax  Provided  as  500  mA  for  a11  type  C30127  samples. 

Initial  measurements  were  performed  at  room  temperature  prior  to  irradiation 
to  verify  the  manufacturer's  data.  Then  the  Initial  experiments  were  repeated 
at  liquid  nitrogen  temperature  since  post- Irradiation  measurements  were  to  be 
conducted  at  that  temperature. 

Preirradiation  experiments  determined  the  I-V  and  P-V  relationships,  the 
Intensity  distribution  In  the  beam  and  the  divergence,  the  spectral  distribution 
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at  various,  arbitrarily  selected  forward  currents,  and  the  emission  peak  shift 
as  a  function  of  applied  voltage.  Additionally,  output,  power  efficiency, 
differential  external  quantum  efficiency,  and  threshold  current  information 
were  obtained. 


To  obtain  the  I-V  and  P-V  Information  at  room  temperature,  the  circuit 
depicted  In  Figure  16  was  used. 


PURER  SUPPLY 

- -  AMMETER 

i 

DETECTOR  r-  INDICATE) 


f.±U-— 

VOLTMETER 


Figure  16.  Circuit  for  measuring  I-V,  P-V  relationships. 


The  laser  device  was  attached  to  a  heat  sink  capable  of  dissipating  2  watts 
and  a  resistor,  R,  was  placed  In  the  circuit  to  eliminate  current  spikes 
(14  Q,  10  W).  The  Injection  current  was  provided  by  a  Trygon  Electronics  Model 
OL  40-1  power  supply  and  was  measured  with  a  Honeywell  Digltest  Model  333.  The 
voltage  across  the  device  was  also  measured  with  a  Model  333.  The  laser  was 
centered  at  a  distance  of  1.5  cm  from  the  input  aperture  of  the  EG&G  Model 
580-1 1A  Detector  and  the  laser  output  was  displayed  by  the  Model  580-11A 
Indicator  Unit. 


Data  were  obtained  by  adjusting  the  power  supply  to  a  specific  current,  as 
presented  by  the  ammeter,  noting  the  corresponding  voltmeter  reading  and  the 
detector  current  displayed  by  the  Indicator  unit.  After  each  reading,  the  power 
supply  output  was  reduced  to  zero  to  avoid  heating  effects. 

The  values  obtained  were  readily  converted  to  power  supplied  (IpXV),  power 
output  of  the  laser  (detector  current  x  constants  supplted  with  Model  580-11 A 
radiometer),  and  power  efficiency  (ratio  of  the  powers).  The  P-V,  I-V,  and  P-I 
relations  could  then  be  plotted  and  the  threshold  currents  obtained  from  the 
P-I  plots. 


The  combination  of  heat  sink  and  reduction  of  the  output  of  the  power 
supply  to  zero  between  readings  kept  the  temperature  at  each  Individual  reading 
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within  1°C  of  room  temperature.  The  heat  sink  alone  allowed  a  rise  of  2°  to  3°C 
above  room  temperature  at  forward  currents  ~50  percent  above  threshold  when 
power  was  applied  continuously  for  a  period  of  approximately  5  minutes. 

Intensity  distribution  was  obtained  by  mounting  the  laser  on  a  movable 
carriage  at  a  fixed  distance,  in  the  far  field,  from  the  detector  head  Input 
plane  and  illuminating  a  hole  0.5  mm  in  diameter.  The  position  dependent  angle 
was  then  calculated  and  related  to  the  laser  output  as  represented  by  the 
detector  current.  Again,  the  power  supply  output  was  reduced  to  zero  between 
readings.  Laser  output  was  then  plotted  against  the  calculated  angle  and  the 
beam  divergence  In  degrees  at  the  50  percent  points  was  read  from  the  plot. 

To  obtain  spectral  information  a  configuration  as  shown  in  Figure  17  was 
used. 


Figure  17.  Configuration  for  obtaining  spectral  data. 

Lenses  1  and  2  were  Identical  (dla  =  3  cm,  f  *  50.8  mm)  and  focused  the 
laser  light  on  the  entrance  slit  of  the  0.25  m  Ebert  monochromator.  A  Si  photo¬ 
detector  (HAV1000)  was  attached  to  the  exit  slit  and  provided  the  input  for  the 
H-P/Moseley  Model  7001  X-Y  recorder.  Best  results.  In  terms  of  resolution,  were 
obtained  with  the  smallest  available  slits,  25  mm.  The  circuit  shown  In 
Figure  16  was  used  and  the  laser  operated  at  arbitrarily  selected  forward 
currents  above  threshold.  The  system  was  aligned  by  using  an  IR  detector  plate 
to  focus  the  light  on  the  entrance  slit  and  by  monitoring  the  pen  deflection  of 
the  recorder.  When  necessary,  neutral  density  filters  were  used  Immediately  In 
front  of  lens  2  to  reduce  the  Input  to  the  photodetector.  The  spectral  plots 
were  obtained  by  selecting  an  appropriate  starting  point  for  the  scan,  adjust¬ 
ing  recorder  sensitivity  and  scan  speed,  adjusting  the  power  supply  to  the 
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desired  forward  current,  and  simultaneously  activating  monochromator  and 
recorder  scan. 

As  stated,  these  measurements  were  then  repeated  at  liquid  nitrogen  temper¬ 
ature.  In  this  case,  the  samples  were  attached  to  a  glass  rod  and  were  totally 
immersed  in  the  liquid.  The  experimental  configuration  was  the  same  as 
described  above,  except  that  the  laser  output  had  to  penetrate  the  double  walls 
of  the  dewar.  Since  this  study  was  concerned  with  relative  effects,  this  was 
not  considered  a  problem.  As  at  room  temperature,  the  power  supply  was  returned 
to  zero  between  readings. 

The  samples  were  irradiated  by  placing  them  in  the  exposure  chamber  of  a 
cobalt-60  source  for  the  length  of  time  required  to  absorb  a  predetermined 
dosage.  The  orientation  of  the  samples  in  the  chamber  was  random.  Exposure  to 
107  rad(Si)  was  done  at  the  Air  Force  Institute  of  Technology's  Nuclear  Center, 
and  exposure  to  108  rad(Si)  was  conducted  at  the  Gamma  Irradiation  Facility  of 
the  Sandia  Laboratories. 

Initially,  only  one  sample  was  irradiated  to  104  rad(Si)  to  observe  the 
severity  of  the  effects.  After  analyzing  performance  changes  the  same  sample 
was  irradiated  to  2  x  104  and  5  x  104  rad(Si),  with  measurements  being  taken 
after  each  exposure.  Only  then,  after  having  obtained  a  general  idea  of  radia¬ 
tion  induced  degradation,  were  the  other  samples  irradiated  to  104  rad(Si). 

Since  samples  66  and  68  exhibited  a  rapid  drop  in  performance,  they  were 
irradiated  to  10s,  5  x  10s,  and  106  rad(SI).  The  intermediate  levels  were  not 
thought  necessary  for  samples  1  and  2  since  they  showed  no  decrease  in  perfor¬ 
mance  after  the  first  exposure.  Irradiation  was  done  at  room  temperature, 
subsequent  measurements  at  77  K. 


49 


AFWL-TR-79-43 


VIII.  RESULTS  AND  DISCUSSION 


GENERAL 

The  results  of  the  measurements  are  presented  and  discussed  separately. 
Factors  influencing  the  accuracy  of  the  measurements  are  considered  in  each 
case,  and  when  possible,  the  measured  effect  has  been  attributed  to  the  respon¬ 
sible  physical  mechanism. 

PREIRRADIATION  PERFORMANCE 

The  measured  values  of  the  threshold  current,  !th*  the  output  power,  P;  and 
the  position  of  the  emission  peak  are  listed  in  Table  6  for  comparison  with  the 
data  provided  by  the  manufacturers.  The  temperature  of  the  laser  case,  Tc,  at 
which  the  measurements  were  performed,  is  also  given.  Ith  was  determined  by 
extrapolating  the  linear  portion  of  the  I-P  curve  to  the  I  axis.  This  method 
of  obtaining  the  values  of  1^  may  partially  account  for  the  difference  between 
the  manufacturers'  and  measured  values.  Another  factor  to  account  for  the 
difference  could  be  the  temperature  of  the  measurements.  Temperature  strongly 
affects  Ith  and  it  was  not  known  at  what  room  temperature  the  manufacturers 
performed  their  measurements. 

Temperature  also  affects  the  output  power  and  may  be  one  of  the  causes  of 
the  difference.  Errors  in  the  power  due  to  equipment  and  procedure  are  limited 
to  t6  percent  of  the  values  given.  The  emission  peak  position  was  obtained  by 
placing  an  envelope  over  the  emission  spectrum  and  using  the  highest  point.  In 
view  of  the  limitations  of  the  equipment  used  for  this  measurement,  the  given 
values  of  the  emission  peaks  must  be  considered  as  representative  only,  rather 
than  as  absolute. 

TABLE  6.  MEASURED  PRE IRRADIATION  CHARACTERISTICS  AT  ROOM  TEMPERATURE 


Type 

Sample 

Ith  <«> 

P  (mW)  at  I  (mA) 

Tc  (K) 

Emission  1 

LCW-10 

1 

165 

12.6  at  230 

296 

883 

LCW-10 

2 

195 

11.8  at  260 

297 

884 

C30127 

66 

235 

6.9  at  260 

294 

819 

C30127 

68 

240 

1.6  at  245 

296 

821 

The  same  measurements,  performed  at  liquid  nitrogen  temperature,  resulted 
in  the  values  given  in  Table  7. 
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TABLE  7.  MEASURED  PREIRRADIATION  CHARACTERISTICS  AT  77  K 


Type 

Sample 

Ith  (mA) 

P  (mW)  at  I  (mA) 

Emission  Peak  (nm) 

LCW-10 

1 

60 

44.2  at  200 

829 

LCW-10 

2 

70 

51.2  at  200 

839 

C30127 

66 

30 

81.1  at  200 

764 

C30127 

68 

30 

31.3  at  200 

768 

All  samples  except  66  presented  smooth  I-P  curves.  Sample  66  exhibited  a 
kink  at  room  temperature  and  at  77  K.  This  kink  has  been  explained  as  being 
due  to  unstable  horizontal  modes  (Ref.  18)  and  cavity  competition  (Ref.  17). 
Additionally,  each  sample  exhibited  an  apparent  shift  of  emission  peak  with 
applied  voltage,  indicating  the  presence  of  a  tunneling  mechanism  (Ref.  22). 
Shift  of  emission  peak  with  applied  voltage  Is  shown  in  Figures  18  and  19. 

The  intensity  distribution  and  divergence  were  measured  In  the  far  field 
at  room  temperature  only.  The  preirradiation  values  of  the  beam  divergence 
were  found  to  agree  closely  with  those  given  by  the  manufacturers.  Pre-  and 
postirradiation  Intensity  distributions  are  presented  together  later  for 
comparison  purposes. 

The  I-V  and  P-V  curves  for  four  samples  are  shown  in  Figures  20a  and  20b. 
The  differences  In  slope  between  the  output  and  current  curves  are  readily 
apparent.  Indicating  different  mechanisms  for  the  total  and  radiative  current 
flow.  The  bending  of  the  output  curves  at  higher  values  of  V  should  be  noted. 
It  could  be  due  to  the  expected  Increase  In  resistive  losses,  or  to  a  change  in 
the  radiative  current  flow  mechanism. 

The  information  used  to  generate  the  I-V  and  P-V  curves  was  also  used  to 
plot  power  efficiency.  Power  efficiency  is  defined  as  the  ratio  of  the  output 
power  and  the  supplied  power,  or  PQut/IV.  The  power  efficiencies  for  the 
samples  are  shown  In  Figures  21a  and  21b. 

MEASURED  EFFECT  OF  RADIATION  ON  THRESHOLD  CURRENT 

As  stated  earlier,  the  Initial  exposure  of  the  samples  was  to  104  rad(SI). 
Subsequent  exposures  raised  the  dosage  to  10s  rad(SI).  1^  was  determined  from 
the  I-P  curves  as  before.  Figures  22a  through  22d  present  the  current-output 
relationships  for  the  different  levels  of  Irradiation,  and  Table  8  gives  the 
values  of  the  threshold  current  as  a  function  of  dosage  within  i5  percent. 
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Figure  18a.  Shift  of  emission  peak  with  applied  voltage 
at  77  K,  preirradiation,  sample  1. 
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Figure  19a.  Shift  of  emission  peak  with  applied  voltage 
at  77  K,  preirradiation,  sample  66. 
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Figure  19b.  Shift  of  emission  peak  with  applied  voltage 
at  77  K,  preirradiation,  sample  68. 
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Figure  20a.  Preirradiation  power-voltage  and 
current-voltage  relation  at  77  K. 
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Figure  20b.  Preirradiation  power-vol tage  and 
current-voltage  relation  at  77  K. 
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Figure  22a.  Power-current  relation  as  function  of 
dosage  at  77  K,  sample  1. 
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Figure  22b.  Power-current  relation  as  function  of 
dosage  at  77  K,  sample  2. 
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TABLE  8.  THRESHOLD  CURRENT  AS  FUNCTION  OF  DOSAGE 


Sample 

1 

2 

66 

68 

Rad(SI) 

'th  <"*> 

T^THST 

■th  (mA) 

0. 

60 

70 

30 

30 

10* 

60 

70 

35 

35 

io! 

60 

70 

35 

70 

106 

60 

70 

<40* 

-100* 

107 

60 

70 

<40* 

>100* 

108 

60 

70 

<40* 

>100* 

♦Spectral  data  used  In  conjunction  with  I-P  plot 

The  effect  of  radiation  on  the  threshold  current  differed  significantly 
between  the  two  types  of  samples.  of  samples  1  and  2  did  not  change  notice 
ably  with  irradiation,  whereas  samples  66  and  68  reacted  In  accordance  with  the 
predictions  of  Section  VI.  Possible  explanations  for  the  observed  results  are 
Included  In  the  next  subsection. 

MEASURED  EFFECT  OF  RADIATION  ON  POWER  OUTPUT 

For  comparison  with  the  measured  preirradiation  output  shown  In  Table  4, 
the  output  as  a  function  of  dosage  at  constant  current  Is  presented  In  Table  9. 


TABLE  9.  POSTIRRADIATION  POWER  OUTPUT  AT  SPECIFIC  FORWARD  CURRENTS 


Sample 

P  (mW)  at  I 

*  200  mA 

(SI) 

1 

2 

66 

68 

0 

44.2 

51.2 

81.1 

31.3 

10“ 

59.9 

54.8 

43.6 

9.7 

10s 

57.6 

56.7 

14.0 

6.2 

106 

59.9 

63.7 

* 

4.6 

107 

55.1 

49.6 

14.0 

3.5 

10* 

52.8 

57.6 

14.2 

3.8 

♦Uncertain  data  point. 

While  the  data  for  samples  1  and  2  Is  representative  of  the  I-P  relation¬ 
ship  over  the  range  of  I,  this  Is  not  the  case  for  samples  66  and  68.  The  data 
In  Table  9  show  the  Increase  In  output  for  samples  1  and  2  to  106  rad(SI)  and 
the  drastic  decrease  In  the  case  of  samples  66  and  68. 


Theoretical  considerations  showed  the  possibility  of  comparative  radiation 
hardness,  but  none  of  the  principles  advanced  can  explain  the  observed  perfor¬ 
mance  Increase  of  samples  1  and  2.  A  device  containing  radiative  recombination 
centers  in  the  space  charge  region,  a  step  doping  profile,  and  heavy  doping 
would  be  expected  to  be  quite  radiation  resistant.  Radiative  recombination  in 
the  space  charge  region  is  quite  resistant  to  irradiation;  a  step  profile 
reduces  n  to  zero  in  the  equations  relating  power  to  dosage;  and  the  effect  of 
any  Introduced  nonradiative  centers  would  be  comparatively  minor  at  moderate 
dosage  If,  In  the  preirradiated  device,  the  number  of  radiative  centers  were 
much  larger  than  the  number  of  nonradiative  centers.  A  possible  explanation 
for  the  Increase  In  power  output  Is  that  some  of  the  radiation  Induced  defects 
act  as  radiative  recombination  centers  In  the  LCW-10  diode.  This  effect  has 
not  been  noticed  In  GaAs  lasers,  but  has  been  observed  In  SIC  light-emitting 
diodes  (Ref.  23). 

The  rapid  drop  In  performance  of  samples  66  and  68  may  possibly  be  attri¬ 
buted  to  device  construction.  Rapid  deterioration  would  occur  if  the  device 
was  only  lightly  doped  so  that  the  Introduction  of  nonradiative  centers  would 
have  a  relatively  large  effect.  Also,  higher  sensitivity  to  radiation  is  pre¬ 
dicted  by  the  theory  for  a  diffusion  controlled  output  and  a  linear  radiative 
center  profile  (n  *  1).  If  the  concept  of  the  luminescent  killer  center  Is 
added  to  the  above  factors,  the  rapid  degradation  of  samples  66  and  68  is 
explained. 

The  lack  of  change  In  the  threshold  current  of  the  type  LCW-10  diode  samples 
verifies  the  assumption  that  any  Introduction  of  nonradiative  recombination 
centers  Is  offset.  The  behavior  of  the  threshold  current  in  the  type  C30127 
diode  samples  generally  adheres  to  the  theory  presented.  For  both  samples  of 
this  type  the  output  decreased  rapidly  with  dosage  and  flat  I-P  curves  resulted. 

The  data  of  Table  9  do  not  reflect  losses  Incurred  due  to  the  walls  of  the 
dewar,  nor  are  they  corrected  for  the  small  amount  of  radiation  missing  the 
detector  head  input  plane.  The  experimental  configuration  was  such  that  any 
radiation  within  a  -114°  cone  would  hit  the  detector.  Equipment  allowed  for  an 
error  of  +6  percent.  Fixed  losses  as  presented  by  the  dewar  were  not  considered 
Important  since  the  interest  was  on  radiation  Induced  changes  rather  than  on 
absolute  values. 
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POWER  OUTPUT- VOLTAGE,  CURRENT- VOLTAGE ,  AND  DAMAGE  FACTORS 

Output  versus  voltage  plots  are  presented  for  all  samples,  combining  the 
preirradiation  curve  with  the  curve  after  108  rad(SI).  Simultaneously  shown 
are  the  preirradiation  and  108  rad(SI)  current-voltage  curves.  Examination  of 
Figures  23  through  26  reveals  that  the  I-V  characteristics  of  all  samples  are 
relatively  unaffected  by  irradiation,  showing  only  a  slight  shift  to  higher 
voltage  for  constant  current.  The  effect  on  the  P-V  curves  is  more  dramatic, 
and  as  expected,  differs  significantly  between  the  two  types  of  diodes.  Type 
LCW-10,  shown  In  Figures  23  and  24,  exhibits  a  moderate  decrease  in  output  at 
lower  voltages,  where  a  portion  of  the  radiative  current  may  be  attributed  to 
a  diffusion  mechanism.  At  higher  voltages  it  appears  that  an  SCR  mechanism 
becomes  dominant,  since  the  output  remains  relatively  unaffected  by  irradiation. 

The  behavior  of  type  C30127  diodes  (Figures  25  and  26)  is  quite  different. 
The  large  decrease  in  output  over  the  whole  voltage  range  measured  indicates 
that  a  diffusion  mechanism  remains  dominant.  A  possible  explanation  for  this 
behavior  may  be  the  relative  absence  of  radiative  recombination  centers  in  the 
space  charge  region.  The  bending  of  the  P-V  curves  at  higher  values  of  V  may 
be  at  least  partially  attributed  to  Increasing  resistive  losses,  although  in 
the  case  of  type  LCW-10  diodes  the  changing  radiative  current  mechanism  has  an 
effect. 

Since  spectra  were  obtained  at  constant  current,  a  radiation  Induced  shift 
in  the  emission  peak  may  be  explained,  to  some  extent,  by  the  changed  I-V 
characteristics.  At  constant  current.  Irradiation  caused  a  slight  Increase  In 
voltage.  If  a  tunneling  mechanism  Is  responsible  for  some  of  the  output,  then 
the  change  In  voltage  would  cause  a  shift  In  emission  through  its  effect  on  the 
quasi-Fermi  levels. 

The  data  used  to  generate  Figures  23  through  26  also  allow  calculation  of 
the  constant  voltage  and  constant  current  damage  factors.  This  Information  Is 
presented  In  Figures  27a  through  27d.  Again,  the  almost  exponential  decrease 
In  the  case  of  samples  66  and  68  Is  evident.  This  behavior  reinforces  the  con¬ 
cept  of  the  luminescent  killer  center  which  removes  a  number  of  radiative 
centers  from  the  radiative  process.  Values  of  t0K  have  been  calculated  and  are 
presented  in  Table  10. 
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Figure  27c.  Constant-voltage  and  constant-current  change 
In  power  output  at  77  K. 
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Figure  27d.  Constant-voltage  and  constant-current  change 
In  power  output  at  77  K. 
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TABLE  10.  CALCULATED  DAMAGE  FACTORS,  tqK 


Mechanism  Diffusion,  t0K  (Rad"1)  SCR,  tqK  (Rad"1) 

Sample  Const.  V  Const.  I  Const.  I 

1  4.4-10"!  1.3-10"!  * 

2  4.3-10"!  2.9-10"’  *  . 

66  1.2-10  1  3.3-10  l  7.9-1 0"^ 

68  1.6-1 0"7  4.9-10"®  1.0-10"8 

*At  current  considered,  postirradiation  output  exceeded 
preirradiation  output. 

Since  type  LCW-10  diodes  showed  excellent  radiation  resistance,  it  was 
assumed  for  tqk  calculations  that  the  radiative  center  profile  was  abrupt,  or 
n  *  0.  For  type  C30127  diodes,  the  assumption  was  a  linear  profile,  or  n  *  1. 
Based  on  the  slopes  of  the  output  curves  and  the  change  in  these  curves  with 
irradiation,  a  voltage  value  and  a  current  value  were  selected  where  the 
radiative  current  appeared  diffusion  controlled  in  one  case,  and  another  set  of 
values  where  the  radiative  current  appeared  to  be  due  to  SCR.  Selection  of 
these  points  was  easily  done  for  type  LCW-10  diodes  by  examining  Figures  23 
and  24.  Including  a  tqK  value  based  on  a  radiative  SCR  mechanism  for  type 
C30127  diodes  was  mainly  for  illustrative  purposes,  since  Figures  25  and  26  do 
not  indicate,  considering  radiation  effects,  a  region  where  the  output  Is  SCR 
controlled. 

As  expected,  the  damage  factors  for  type  LCW-10  diodes  were  smaller  by  an 
order  of  magnitude  than  those  obtained  for  type  C30127  diodes.  The  difference 
In  radiation  sensitivity  may  be  attributed  to  the  factors  discussed  earlier. 

EFFICIENCY 

Radiation  Induced  defects  should  have  a  direct  effect  on  the  efficiency  of 
the  device.  Thus,  If  nonradlatlve  recombination  centers  are  Introduced  as  a 
result  of  Irradiation,  the  power  efficiency,  as  well  as  the  external  differen¬ 
tial  quantum  efficiency,  Is  expected  to  decrease.  Conversely,  If  the  radiation 
Induced  defects  act  as  radiative  recombination  centers,  as  proposed  for  type 
LCW-10  diodes,  then  an  Increase  In  efficiencies  is  expected.  If,  as  has  been 
suggested  for  type  C30127  diodes,  luminescent  killer  centers  are  introduced. 
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then  the  decrease  In  efficiency  should  be  dramatic.  Power  efficiency  at  various 
dosages  Is  presented  In  Figures  28a  through  28d. 

Examination  of  Figures  28a  and  28b  shows  an  Increase  in  power  efficiency  to 
a  dosage  of  106  rad{Si).  This  Is  In  accordance  with  the  proposed  introduction 
of  radiative  recombination  center  defects.  Figures  28c  and  28d  show  the  rapid 
decline  expected  for  a  diffusion  controlled  output,  light  doping,  and  the 
possible  introduction  of  luminescent  killer  centers. 

EMISSION  PEAK  SHIFT 

The  wavelength  at  the  emission  peak  Is  presented  in  Table  11  as  a  function 
of  dosage. 

The  emission  peak  was  determined  by  examining  spectral  plots.  The  spectral 
plots  were  surrounded  by  an  envelope  and  the  highest  point  was  chosen.  This 
method  does  not  provide  absolute  Information  since  It  depends  to  a  great  extent 
on  which  mode  was  dominant  at  the  time  of  the  measurement.  However,  It  does 
Illustrate  a  general  shift  to  higher  energies.  At  higher  dosages  the  spectra 
for  samples  66  and  68  were  the  result  of  spontaneous  emission  rather  than 
stimulated  emission,  and  consequently  exhibited  a  rather  broad,  flat  peak. 

INTENSITY  DISTRIBUTION  AND  BEAM  DIVERGENCE 

The  Intensity  distribution  was  measured  for  all  samples  prior  to  Irradia¬ 
tion,  and  after  106  rad(SI)  for  samples  1  and  2  and  5  x  105  rad(SI)  for  samples 
66  and  68.  In  view  of  the  radiation  resistance  exhibited  by  the  type  LCW-10 
diodes,  no  effect  on  the  Intensity  distribution  was  expected  for  a  dosage  of 
10*  rad(SI).  The  measurements  verified  this  expectation  as  Illustrated  in 
Figures  29  and  30.  The  effect  of  radiation  on  type  C30127  diodes  was  so  pro¬ 
nounced  In  all  respects  that  the  drastic  change. in  intensity  distribution,  as 
Illustrated  In  Figures  31  and  32,  was  not  entirely  surprising.  A  possible 
explanation  may  be  that  the  radiation  changed  the  configuration  of  the  active 
region  by  Introducing  a  large  number  of  nonrad latlve  centers,  which  In  turn 
decreased  the  region  where  gain  was  high  enough  for  lasing  to  occur.  The  beam 
divergence  Is  presented  In  Table  12  and  supports  the  Idea  of  a  changed  active 
region  for  the  type  C30127  diodes. 

For  the  perpendicular  spread  In  samples  1  and  2,  the  single  slit  diffraction 
approximation  breaks  down.  With  that  exception,  good  agreement  exists  between 
calculated  and  measured  preirradiation  values.  The  proposed  change  In  the 
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Figure  28a.  Power  efficiency  at  77  K  for  selected  dosages, 
sample  1. 


Figure  28b.  Power  efficiency  at  77  K  for  selected  dosages, 
sample  2. 
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Figure  28c.  Power  efficiency  at  77  K  for  selected  dosages, 
sample  66. 


Figure  28d.  Power  efficiency  at  77  K  for  selected  dosages, 
sample  68. 
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Figure  29a.  Intensity  distribution  in  far  field,  pre-  and 
postirradiation,  parallel  to  junction. 


Figure  29b.  Intensity  distribution  in  far  field,  pre-  and 
postirradiation,  perpendicular  to  junction. 
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Figure  30a.  Intensity  distribution  In  far  field,  pre-  and 
postirradiation,  parallel  to  junction. 
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Figure  30b.  Intensity  distribution  In  far  field,  pre-  and 
postirradiation,  perpendicular  to  junction. 
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Figure  31a.  Intensity  distribution  In  far  field,  pre-  and 
postirradiation,  parallel  to  junction. 


Figure  31b.  Intensity  distribution  In  far  field,  pre-  and 
postirradiation,  perpendicular  to  junction. 
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Figure  32a.  Intensity  distribution  In  far  field,  pre-  and 
postirradiation,  parallel  to  junction. 
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Figure  32b.  Intensity  distribution  In  far  field,  pre-  and 
postirradiation,  perpendicular  to  junction. 
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TABLE  11. 

EMISSION  PEAK  MEASURED  AT  CONSTANT  CURRENT  AS 

A  FUNCTION  OF  DOSAGE 

Sample 

Emission  Peak  (nm) 

Rad(S1) 

1 

2  66 

68 

10u 

829.2 

839.5  764.7 

768.3 

i°; 

828.6 

839.9  763.5 

767.3 

io! 

829.2 

839.5  762.7 

767.6 

107 

829.2 

839.5  762.1 

767.1 

10« 

829.5 

839.5  762.3 

767.1 

108 

828.1 

839.0  762.3 

767.6 

TABLE  12.  BEAM  DIVERGENCE  BEFORE  AND  AFTER 

IRRADIATION 

Beam  Divergence  (degrees,  HWHM) 

Sample* 

Calculated 

Preirradiation 

Post irradiation** 

■1! 

4 

3 

3 

- 

22 

19 

2  11 

4 

12 

11 

2  1 

- 

19 

16 

66  " 

4 

4 

19 

1 

23 

17 

19 

66  I,1 

4 

10 

23 

1 

23 

26 

18 

*||  and  ]_  Indicate  parallel 

and  perpendicular  to  the  junction 

plane,  respectively 

**106  rad(SI)  for  samples  1 

and  2;  5  x  10s  rad(SI)  for  samples  66  and  68 

extent  of  the  active  region  falls  In  line  with  the  measured  postirradiation 
values.  The  Introduction  of  additional  radiative  centers  could  widen  the  region 
and  thus  result  In  less  beam  divergence,  as  appears  to  have  happened  for  the 

spread  In  samples  1 

and  2.  Conversely,  the  severe  reduction  of  radiative  centers 

In  samples  66  and  68  could  reduce  the  active  region  and  result  In  large  values 
of  divergence.  According  to  the  measured  values,  using  the  narrow  silt  approxi¬ 
mation,  the  width  of  the  active  region  In  samples  66  and  68  was  reduced  to  a 
value  near  the  thickness,  so  that  the  light.  Instead  of  being  emitted  by  a  narrow 
silt.  Is  actually  being  emitted  by  a  small  rectangular  aperture. 
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IX.  CONCLUSIONS 

The  primary  conclusion  Is  that  the  LCW-10  Injection  lasers  are  much  more 
resistant  to  irradiation  by  a  gamma  source  than  the  C30127  Injection  lasers. 

The  LCW-10  lasers  exhibited  Increased  light  output  to  106  rad(Si)  and  at 

a 

10  rad(Si)  still  performed  comparably  with  preirradiation  values.  The  thresh¬ 
old  current  value  did  not  noticeably  change  as  a  result  of  irradiation,  nor 
were  the  intensity  distribution  and  beam  divergence  significantly  affected.  The 
LCW-10  laser's  power  and  external  differential  quantum  efficiency  also  increased 
Initially. 

The  C30127  laser's  performance  degraded  rapidly  in  all  respects.  Light  out¬ 
put  decreased  by  half  after  only  104  rad(SI),  threshold  current  increased, 
efficiencies  decreased,  and  beam  characteristics  changed  drastically. 

Without  knowledge  of  device  composition  and  structure,  some  assumptions  were 
made.  The  calculated  damage  factors  show  that  these  assumptions  are  probably 
valid.  It  Is  believed  that  the  output  of  the  LCW-10  laser  is  due  to  SCR  while 
that  of  the  C30127  laser  is  diffusion  controlled.  Additionally,  it  is  thought 
that  the  former  was  heavily  doped  while  the  latter  was  only  lightly  doped. 

The  quantitative  results  given  throughout  this  study  are  believed  to 
accurately  represent  radiation- Induced  performance  changes  In  both  of  the  injec¬ 
tion  lasers.  Since  the  investigation  was  concerned  only  with  the  two  specific 
types,  the  results  apply  only  to  them,  and  even  then  should  be  used  with  care 
since  only  two  samples  of  each  type  were  tested. 
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X.  RECOMMENDATIONS 


The  data  obtained  In  this  study  are  of  necessity  quantitative  only.  Inter¬ 
pretation  of  experimental  results  had  to  be  largely  based  on  assumptions  about 
device  composition.  In  view  of  this,  it  was  not  possible  to  assign  a  specific 
result  to  a  definite  physical  process  or  mechanism. 

If  detailed  Information  could  be  obtained  from  the  respective  manufacturers, 
a  physical  interpretation  of  the  results  may  be  possible.  This  information,  in 
turn,  could  possibly  serve  to  create  devices  of  even  greater  radiation  hardness 
than  the  present  type  LCW-10  laser.  Additionally,  the  effects  of  radiation 
other  than  gamma  should  be  investigated,  since  results  could  differ  considerably. 

Another  area  to  be  investigated  concerns  the  annealing  behavior,  either  due 
to  forward  bias  or  elevated  temperatures.  This  could  provide  further  insight 
into  the  physical  processes  occurring  within  each  device. 


* 


AFWL-TR-79-43 


REFERENCES 

1.  Rediker,  R.  H.,  "Semiconductor  Lasers,"  Physics  Today,  18,  pp  42-50,  1965. 

2.  Kressel,  H.,  "Semi conduction  Lasers,"  Lasers,  3,  Marcel  Dekker,  Inc,  New 
York,  1971. 

3.  Hayashi,  I.,  et  al.,  "Junction  Lasers  Which  Operate  Continuously  at  Room 
Temperature,"  Applied  Physics  Letters,  17,  pp  109-111,  1970. 

4.  Aukerman,  L.  W. ,  et  al.,  "Radiation  Effects  in  GaAs,"  J.  Appl.  Phvs.,  34, 

pp  3590-3599,  1963.  — 

5.  Barnes,  C.  E.,  "Neutron  Damage  in  GaAs  Laser  Diodes:  At  and  Above  Laser 
Threshold,"  IEEE,  NS-19.  pp  382-385,  1972. 

6.  Fast  Neutron  Effects  on  Diffused  Gallium  Arsenide  Lasers,  AFWL-TR-73-23, 

Air  Force  Weapons  Laboratory,  Kirtland  Air  Force  Base,  N.  Mex.,  1973. 

7.  Saji,  M.  and  Inuishi,  Y.,  "Radiation  Damage  and  Annealing  of  GaAs  Laser 
Diode,"  Japan.  J.  Appl.  Phys.,  4,  pp  830-831,  1965. 

8.  Compton,  D.  M.  J.  and  Cesena,  R.  A.,  "Mechanisms  of  Radiation  Effects  on 
Lasers,"  IEEE,  NS14-6,  pp  55-61,  1967. 

9.  Barnes,  C.  E.,  "Effects  of  Co60  Gamma  Irradiation  in  Epitaxial  GaAs  Laser 
Diodes,"  Physical  Review,  1-12,  pp  4735-4747,  1970. 

10.  Share,  S.,  et  al.,  "Properties  of  Compensated  GaAs  Light-Emitting  Diodes 
Following  Co60  Irradiation,"  Solid  State  Electronics,  18,  pp  471-480,  1975. 

11.  Sze,  S.  M. ,  Physics  of  Semiconductor  Devices,  Wiley-Intersclence,  New  York, 

1969.  ~  '  ~ 

12.  Kressel,  H.  and  Ladany,  I.,  "Reliability  Aspects  and  Facet  Damage  in  High- 
Power  Emission  from  (AlGa)As  CW  Laser  Diodes  at  Room  Temperature,"  RCA 
Review,  36,  pp  230-239,  1975. 

13.  O'Shea,  D.  C.,  et  al.,  A  Laser  Textbook,  Georqia  Institute  of  Technoloov, 
1975. 

14.  Barnes,  C.  E.,  "Neutron  Damage  In  Epitaxial  GaAs  Laser  Diodes,"  J.  Appl. 
Phys.,  42,  pp  1941-1949,  1971. 

15.  Grill,  R.  B.,  et  al..  Injection  Laser  Sources  for  Fiber  Optic  Communica¬ 
tions,  Laser  Diode  Labs,  Inc,  Metuchen,  New  Jersey. 

16.  Lederer,  M.  C.,  et  al.,  Table  of  Isotopes  (Sixth  Edition),  John  Wiley  and 
Sons,  New  York,  1967. 

17.  Campos,  M.  D.,  et  al.,  "Cavity  Competition  In  Anomalous  Emission  Intensity 
In  Double-Heterostructure  (DH)  Lasers,"  IEEE,  QE-13,  pp  687-691,  1977. 

18.  Kobayashl,  K. ,  "Unstable  Horizontal  Transverse  Modes  and  Their  Stabilization 
with  a  New  Stripe  Structure,"  IEEE,  QE-13,  pp  659-661,  1977, 


78 


REFERENCES  (CONTINUED) 


19.  Risch,  C.  H.,  et  al.,  "External-Cavity-Induced  Nonlinearities  in  the  Light 
Versus  Current  Characteristics  of  (GaAl)As  Continuous  Wave  Diode  Lasers," 
IEEE,  QE  13,  pp  692-696,  1977. 

20.  Lambert,  K.  P.,  et  al.,  "A  Comparison  of  the  Radiation  Damage  of  Electronic 
Components  Irradiated  in  Different  Radiation  Fields,"  Nuclear  Instruments 
and  Methods,  130,  pp  291-300,  1975. 

21.  Aukerman,  L.  W.,  et  al.,  "Effects  of  Radiation  Damage  on  the  Behavior  of 
GaAs  p-n  Junctions,"  IEEE,  NS13-6,  pp  174-180,  1966. 

22.  Pankove,  J.  I.,  Optical  Processes  in  Semiconductors,  Dover  Publications, 
Inc,  New  York,  19/5. 

23.  Stanley,  A.  G.,  "Comparison  of  Light-Emitting  Diodes  in  a  Space  Radiation 
Environment,"  IEEE,  NS17-6,  p  239,  1970. 


